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The mammalian hearing organ, the cochlea, has a marvelous sensitivity and frequency
resolution. Due to passive mechanical properties (e.g. mass, stiffness, damping), sound-induced
traveling waves are formed on the basilar membrane (BM), which are longitudinally tuned to
different frequencies. In a live cochlea, a phenomenon called cochlear amplification, derived from
the mechano-electric transduction of the outer hair cells (OHCs), locally enhances the traveling
wave and increases the frequency selectivity. My research during the PhD program was focused
on studying the in-vivo mechanical and electrophysiological responses of the cochlea in animal
models.
In the first set of experiments, the intra-cochlear motion and the OHC-generated local cochlear
microphonic (LCM) responses were measured in the base of the gerbil cochlea. We used optical
coherence tomography (OCT) to measure the intra-cochlear motion and a tungsten micro-electrode
to obtain the LCM responses. We explored the effect of the two types of sound stimuli, single and
multi-tone stimuli, to the nonlinear behavior of the LCM and the intra-cochlear motion responses
in two frequency bands: a frequency band in which cochlear responses show a nonlinear peak
(the best frequency (BF) band) and a frequency range below the large peak (sub-BF band: f < ⇠
0.7 ⇥ BF). In the sub-BF band, BM motion had linear growth for both stimulus types, and the
motion in the OHC region was mildly nonlinear for single tones, and relatively strongly nonlinear
for multi-tones. Sub-BF, the nonlinear character of the LCM was similar to that of the OHC-
region motion. In the BF band, the LCM and the intra-cochlear motions all possessed the BF
peak nonlinearity. Coupling these observations with previous findings on phasing between OHC
force and traveling wave motions, we proposed the following framework for cochlear nonlinearity:
The BF-band nonlinearity is an amplifying nonlinearity, in which OHC forces input power into
the traveling wave, allowing it to travel further apical to the region where it peaks. The sub-BF
nonlinearity is a non- amplifying nonlinearity; it represents OHC electromotility, and saturates due
to OHC current saturation, but the OHC forces do not possess the proper phasing to feed power
into the traveling wave.
In the second set of experiments, we repeated the cochlear measurements as in the first project
in the base of guinea pig cochlea. The goal was to compare the degree of nonlinearity and amplifi-
cation in the LCM and intra-cochlear responses between gerbil and guinea pig. The experimental
condition and method were similar to the gerbil study. In the BF band, our observations were
similar to our previous measurements in gerbil: a nonlinear peak in LCM responses and in intra-
cochlear displacements, and higher motion in the OHC region than the BM. Sub-BF, the responses
in the two species were different. In both species the BM motion responses in the sub-BF band
was linear and LCM was nonlinear. Sub-BF in the OHC-region, nonlinearity was only observed
in a subset of healthy guinea pig cochleae while in gerbil, robust nonlinearity was observed in all
healthy cochleae. The differences suggest that gerbils and guinea pigs may employ different mech-
anisms for to achieve frequency selectivity. However, it cannot be ruled out that the differences are
due to technical measurement differences across the species.
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Chapter 1: Background
1.1 Sound and auditory system
Sound is a wave phenomenon; that is, small air molecules (or water or any other medium)
vibrate and pass their energy to their neighbors. The medium in which the wave propagates is not
transported. Sound wave is classified as a longitudinal wave, which means, the medium particles
vibrate in parallel to the direction in which the sound wave travels.
When sound waves strike the head, they pass through the ear canal (EC) and vibrate the
eardrum. These vibrations are then transmitted by three tiny bones (the ossicles: malleus, in-
cus and stapes) to the oval window, the input opening of the cochlea. In order for us to hear, the
sound must be in the audible range of human perception. The minimum threshold of this audible
range for a healthy human is sound amplitude as weak as 20 `Pa. Our hearing dynamic range goes
up to ⇠ 200 Pa (exposure to sounds louder than ⇠ 2 Pa gives a painful sensation and damage the
auditory system. The sound intensity of a jet engine, gunshot or fireworks at close range create
sounds ⇠ 200 Pa and rupture the eardrum). Because of this incredibly large range, in acoustic sci-
ence, the amplitude of sound is commonly described in Decibel scale (dB) for each sound pressure
level (SPL). The corresponding equation to convert Pascal to dB SPL follows the equation below:




; %0 = 20`%0 (1.1)
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1.2 Anatomy of the Cochlea
The auditory component of the inner ear, the cochlea, is a spiral shaped bony structure com-
posed of three fluid-filled ducts: scala tympani (ST), scala vestibuli (SV) and scala media (SM) -
see Fig. 1.1 A. SV filled with 0 mV perilymph (a low-potassium high-sodium solution), extends
from the oval Window to the apex (far end), ST is the extension of SV chamber from the apex to
a different opening: round window (RW). SV and ST chambers are separated by SM filled with ⇠
+80 mV endolymph (a high potassium solution) and a thin cochlear partition including the sensory
organ of Corti (OC). The OC is sandwiched between two important cochlear membranes: the basi-
lar membrane (BM) from the bottom and the tectorial membrane (TM) from the top (Fig. 1.1 B).
The OC, the BM and the TM together are referred to as the organ of Corti complex (OCC). The
relative motion between the BM and TM moves the auditory cells embedded between these two
membranes. The main receptors of hearing are the sensory cells; three rows of Outer Hair Cells
(OHCs) and one row of Inner Hair Cells (IHCs). A top view of a section of guinea pig’s OCC
(TM was lifted) is shown in Fig. 1.1 C. On the top of each OHC, there is a hair bundle comprised
of three rows of stereocilia (Fig. 1.1 E). These sensory cells play different roles in the cochlea.
OHCs direct the vibrations to the IHCs by creating a mechanical force that amplifies the pressure
on the BM, TM and the fluid around them. IHCs, despite being fewer in number, are connected
to most of the auditory neurons of the spiral ganglia. They release neurotransmitter and transfer a
representation of the sound to the brain.
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Figure 1.1: A) Cross-section of the gerbil cochlea. scala tympani (ST), scala vestibuli (SV) and scala media
(SM) are the three fluid-filled chambers. B) Organ of Corti Complex (OCC): the cochlear partition consisted
of sensory/supporting cells called organ of Corti (OC) + basilar membrane (BM) and tectorial membrane
(TM). C) Scanning Electron Micrograph (SEM) of a section of the organ of Corti in guinea pig (TM was
lifted). Three rows of OHCs and one row of IHCs are pictured. D) SEM of a guinea pig OHC. E) SEM of
a guinea pig OHC hair-bundle. Panels A & B were adapted with permission from [1]. SEMs in panels C, D
& E reprinted with permission from Professor David Furness, Keele University.
1.3 Passive mechanism of the cochlea
A traditional way of making cochlear measurements, extending the pioneering studies by von
Bekesy during the 1960s [2], is to collect data from one spot along the cochlea and measure the
cochlear responses to different frequencies and amplitudes. von Bekesy did his measurements by
observing many locations along the length of the cochlea with a single tone stimulus. He found
out the BM of human cadaver moves like a wave in response to the single tone stimulus. This
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fluid/tissue wave travels along the cochlea, peaks around the second cycle and dies out, likely due
to the damping properties inside the cochlea. Fig. 1.2 shows an example of the amplitude and
phase of an analytical model of the BM motion in response to single tones. When measuring at
many frequencies and one location, if the observation point is at distance x mm away from the base
(green arrow, assuming an uncoiled cochlea), the amplitude of the traveling wave is maximum in
response to only one stimulus frequency (red dot), which is called the best frequency (BF) for
that observation point. Different stimulus tones peak at different locations along the cochlea, high
frequencies in the base and low frequencies in the apex. The measured phase is usually referenced
to the phase of the stapes inward motion or the EC pressure. For example, in Fig. 1.2, the BM in
response to the 52 kHz tone (wave in red color) moved ⇠ 1 nm and went through ⇠ 2 cycles, the
BM in response to 51 kHz tone (wave in blue color, 51 < 52) moved ⇠ 0.4 nm and went through
⇠ 0.5 cycles. In another word, the traveling waves associated to the 52 and 51 kHz stimulus tones
lag the stapes by ⇠ 2 and ⇠ 0.5 cycles, respectively. The increase in phase slope with frequency


























Figure 1.2: A) Drawing of traveling waves in an uncoiled cochlea in response to two stimulus frequencies
color coded in red (high frequency) and blue (low frequency). B & C) Amplitude and phase of the mo-
tion responses at a single observation point (indicated by the green triangle in A). The multi-cycle phase
excursion in C is related to the underlying traveling wave responses at the frequencies color-coded in A.
1.4 Active mechanism of the cochlea
1.4.1 Cochlear Amplification
Experimental and theoretical research in auditory mechanics confirms that the there is an active
mechanism in the cochlea that boosts a limited section of the BM motion by an internal power
source provided by the OHCs in the OCC. This phenomenon disappears post-mortem (or after
OHC damage) and is called "Cochlear Amplification" [3] - see Fig. 1.3 B. Cochlear amplification
is a critical process in hearing that enhances the frequency resolution in the cochlea.
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Numerous studies have played a role in characterizing the nonlinear process of cochlear ampli-
fication. In 1948, Gold proposed that an electromechanical action occurs in the cochlea whereby
a supply of electrical energy is employed to counteract the OCC damping [4]. Later, Goldstein
and Kiang (1968) found a neural response that did not exist in the stimulus (it was a combination
of two stimulus tones) in auditory-nerve-fiber data in anesthetized cat [5]. The distortion products
are evidence for a nonlinear system in the cochlea. In 1971, Rhode detected a mechanical nonlin-
earity in the BM motion in anesthetized Squirrel Monkey. He observed a nonlinear enhancement
in the BM motion while decreasing the stimulus SPLs. This nonlinear enhancement - or cochlear
amplification- was not observed in dead cochleae [6]. A few years later in 1978, Kemp validated
the concept that an internal source of energy exists in the cochlea when he discovered very low
intensity sounds - which were later termed otoacoustic emissions (OAEs)- coming out of alive
human ears in response to clicks. He hypothesized that an aspect of cochlea behavior which is
significant only at very low SPLs is the source of OAEs [7]. Now, it has been established that the
OHC transduction has a great contributions to the cochlear amplification.
Fig. 1.3 is an example of a common plot in auditory mechanics. It depicts the BM motion
frequency responses measured in a live, anesthetized guinea pig. In a live cochlea, with increasing
sound stimulus level, the BM motion grows linearly in response to frequencies below the BF
(sub-BF band). Entering the BF band (17 - 25 kHz in Fig. 1.3), the BM motion is amplified in
response to low SPLs. The high SPL vibrations are barely enhanced - this is explained more in
detail in the next section. This compressive nonlinearity is more evident when the BM responses
are normalized to the EC pressure (Fig. 1.3B).
Nowadays, data like that in Fig. 1.3, with frequency on the x-axis, normalized response am-
plitude on the y-axis and data shown at several SPLs, provide the primary test of cochlear am-
plification. The degree of cochlear amplification is gauged by the amount of nonlinearity and
tuning in the BF band. Similar plots with more details will be presented in this thesis. Our current
understanding for the basis of cochlear amplification is introduced in the next two sections.
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Figure 1.3: A) Amplitudes of the BM motion in guinea pig cochlea measured in-vivo. B) Normalized
amplitudes re. to EC pressure. Data from six stimulus level (30 to 80 dB SPL) were collected. The BM
motions are increased in response to low SPLs in the BF band in-vivo. The amplification is not observed
post-mortem.
1.4.2 OHC mechano-electric transduction
The hair bundles are joined to each other by very thin filaments called tip-links [8] (Fig. 1.4B).
The tip-links are physically connected to cation-selective channels in the tips of the two shorter
rows of hair bundles, called the mechano-electrical transduction (MET) channels. At rest, the
open probability of the MET channels are ⇠ 50 % and because of ⇠ +80 mV voltage outside
in the endolymph fluid in the SV and ⇠ -50 mV intracellular potential in the OHCs, a standing
current passes through the OHC, called the silent current [9]. In response to sound, the transverse
BM motion produces hair bundle and TM radial deflection (Fig. 1.1 B). The hair bundle pivots
towards the tallest/shortest row, the MET channels open/close and the OHC depolarizes/hyper-
polarizes. The effect of the voltage change across the OHC is described in the next section (1.4.3).
The electrophysiological study of the MET channels has been conducted in-vitro by deflecting the
hair bundle and measuring the hair cell receptor current while the cell was clamped to a specific
potential [10]. Since then, numerous studies about the OHC MET have been carried out [11].
The relationship between the peak transducer current (I) and hair bundles displacement ( x) is
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where GB is the slope factor. Fig. 1.4 C shows the OHC’s current-displacement relationship in
mouse [11]. The OHC transducer current in response to low to moderate SPLs (small  x) linearly
modulates the hair bundle displacement. High SPLs create large hair bundle deflections, which
result in the OHC MET-current saturation. The MET-current saturation is the dominant source of
nonlinearity in the cochlea [12, 13]. One of the main reasons that the cochlear amplification is not
pronounced at loud sounds is the OHC MET-current saturation, because, as described just below,
it is OHC voltage that drives cochlear amplification.
Figure 1.4: A) A schematic image of the OHC (adapted from 2006 Nature Publishing Group). B) Transmis-
sion Electron Micrograph (TEM) and a theoretical scheme of a guinea pig OHC illustrating the tip-link and
the MET channels. C) OHC’s transducer current vs. hair bundle displacement in the apex of a mouse. This
figure is adapted from [11].
1.4.3 OHC electro-mechanical transduction (electromotility)
In 1985, W. E. Brownell discovered that the OHCs show a voltage dependent length change
[14]. This voltage induced motion is referred as “electromotility” and it is driven by the protein
prestin (SLC26a5), found in the lateral wall of the hair cells [15] (Fig. 1.3 A). Prestin molecules are
like piezoelectrics: they go to a short state when OHCs are depolarized and elongate when OHCs
are hyperpolarized. OHC electromotility is fast (OHC somatic force has been measured through
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80 kHz in guinea pig) and showed an almost flat response to a wide frequency range. [16, 17, 18].
1.5 Cochlear properties across mammals
To adapt to specific environments, mammals developed different cochlear properties and conse-
quently, different hearing frequency characteristics. The micro and macro changes in the structures
of the cochlea (e.g. penetration of the bone into tissue, the development of two types of sensory
cells, the dimensions and organization of the hair cells and the hair bundles, expansion of the basi-
lar and tectorial membranes), all together, led to an auditory organ able to process high frequencies
[19]. Some became maximally sensitive to specific frequency ranges. For example, the audiograms
of bats and dolphins are sharply tuned to the frequencies that they use for echolocation (peak spec-
tra between 20 - 100 kHz). To be able to perceive such high frequencies, mustached bat’s cochlea
has exceptionally large basal fluid chamber volumes, and a thickened tectorial membrane (TM) in
the base relative to the apex [20, 21, 22]. Humans and elephants can hear frequencies as low as 20
Hz, but their upper limit is restricted to ⇠ 20 kHz.
While direct insight about human hearing is most needed, due to ethical and practical con-
straints, animal experiments are essential for obtaining knowledge about the mechanics of hearing.
Among the rodents, gerbils and guinea pigs have been commonly used as animal models for in-
vivo intra-cochlear (e.g. fluid pressure, voltage, motion,...) measurements. Although these two
species have a similar wide hearing range (⇠ 100 Hz – 60 kHz in gerbil; ⇠ 54 Hz – 50 kHz in
guinea pig [23]) - see Fig. 1.5 - many of the cochlear properties are different between these two
species. Including the overall BM length (⇠ 11 vs 18 mm), the BM properties from base to apex
and the place - frequency map [24, 25, 26]. In the evolutionary path, gerbils and guinea pigs are
both rodents, but not specifically related. Gerbils belong to the muridae family; guinea pigs are in
the family Caviidae [27, 19].
The audiograms of six mammals are shown in Fig. 1.5. The “Hearing Threshold” curves were
plotted based on the minimum SPLs required for detecting tones at different frequencies. Thus,
only the SPLs above the “Hearing Threshold” curves are audible. A normal conversational speech
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in English lies within the frequency range of 100 Hz - 10 kHz with amplitudes between ⇠ 30 -
70 dB SPL [28]. The louder sounds between ⇠ 90 - 140 dB SPL are capable of damaging the ear
permanently [29]. Note that a loud subway station, ambulance and fire alarms, musical concerts
and festivals usually produce sounds > 90 dB SPL. Nowadays many people in big metropolitan
cities are frequently exposed to sounds in this danger zone.
Figure 1.5: A) Examples of mammalian audiograms. Horseshoe bat [30]; human, guinea pig, mouse [23];
elephant [31], blind mole rat [32]. This figure is adapted with permission from Vater and Kossl, Hearing
Research, 2011 [19].
1.6 Optical Coherence Tomography
Optical Coherence Tomography (OCT) originates from optical interferometry, which is a pow-
erful imaging technique that has rapidly become the gold standard for physiological studies in the
auditory field. Comparing to other common imaging techniques such as computed tomography
10
(CT) and magnetic resonance imaging (MRI), OCT has a smaller penetration depth (up to several
millimeters), however, its spatial resolution (less than 10 `m) is significantly higher than CT (up
to ⇠ 0.1 mm) and MRI (⇠ 0.5 mm). OCT also uses infra-red light which does not have ionizing
concerns of CT. In addition, it can image many depths and lateral points simultaneously [33]. In
otology, OCT was first used in imaging the internal structure of a rat cochlea (ex-vivo) in 2000
[34]. This study was followed by further imaging experiments using different light wavelength
sources [35]. OCT images of the cochlea in excised guinea pig were first obtained in 2001[36].
The utility of OCT flourished in the auditory field when phase-sensitive techniques were added
to the imaging system that allow for the detection of nanometer-scale motions in-vivo. Time-
domain and Spectral-domain phase microscopy are two main techniques used in OCT-based vi-
brometry. In time-domain OCT, the vibrations of locations within the tissue are measured sequen-
tially [37]. The current popular technology is the Spectral Domain OCT (SD-OCT) whereby the
vibrations of different locations within the OCC are measured simultaneously.
In a SD - OCT recording, a broadband light is split into the reference and sample arms by a
beam splitter. A small portion of light propagates in the reference arm and reflects back from a
reference mirror at a fixed distance. The other portion of light passes through the sample arm and
backscatters from within a scattering sample. Reference and sample beams are then recombined
and make what is called the interference signal. A spectrometer diffracts the interference signal
into its corresponding wavelength pixels. The wavelength pixels are emitted to a photo-detector
array and are converted to the wave-number k domain. The photo-detector signal in the k-domain,
which is called the interferogram ( ⇡ (:)), is consisted of several reflector patterns (e.g. /1 & /2
in Fig. 1.6). Each reflector pattern has information related to the depth of each layer within the
sample. A closer sample in depth (smaller optical path length (OPL) difference) has a smaller
spatial frequency (/1 in Fig. 1.6) and a deeper sample (larger OPL difference) has a higher spatial
frequency (/2 in Fig. 1.6). The Fourier transform of the  ⇡ (:) gives the complex A-scan 8⇡ (I).
The magnitude of 8⇡ (I) represents a map of reflection intensity versus axial position and the phase
of 8⇡ (I) gives us the instantaneous displacement of the sample layers.
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Figure 1.6: A) Diagram of spectral domain optical coherence tomography (SD-OCT) system where the out-
put light field is split by a diffraction grating, and component frequencies are detected by a linear detector
array. B) The summation of each reflector’s interference pattern (two in this example) to form the interfer-
ogram. The Fourier transform of the interferogram gives the complex A-scan. This figure is adopted with
permission from [38]
The Telesto OCT system takes two-dimensional scans, termed B-scans across the radial axis of
the OCC (Fig. 1.7). We use B-scans to identify regions of interest for vibrometry. Once we choose
the B-scan, we acquire a series of time-locked one-dimensional A-scans, termed an M-scan. Each
pixel in the A-scan corresponds to ⇠ 2.7 `m in the axial direction, for measurements in saline-
rich tissue where the index of refraction is assumed that of water (n = 1.33). In an OCT system,
the pixel size that defines axial resolution is derived from the light source bandwidth (our Telesto
system has a 1300 nm light bandwidth). The Telesto’s objective lens, the Thorlabs LSM03 gives us
a ⇠13 `m lateral resolution. The time-dependent phase of each pixel in the M-scan is proportional
to the instantaneous displacement of the structure at that pixel [39, 40]. The signal-to-noise ratio
(SNR) of the displacement responses depends on the reflectivity of the pixel in the A-scan. In the
best OCT recordings we could achieve a noise floor of ⇠ 50 pm.
Although the OCT B-scan images are pixelated and the inner and outer hair cells are not clearly
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discerned, by comparing to known anatomy, important features (identified in Fig. 1.7) are de-
tectable. The BM is usually the first structure that is distinguished. The tunnel of Corti (ToC) is a
fluid gap located between the OHCs and IHCs that does not reflect light; thus, it is seen as a dark
space in the B-scan. The TM is poorly reflective in gerbil basal B-scans but more discernible in
guinea pig. We can simultaneously measure displacements at locations all along the A-scan. The
motion data are presented in Chapter 2.
Figure 1.7: A) B-scan image in the base of the cochlea in guinea pig. Basilar membrane (BM), Tunnel of
Corti (ToC), Tectorial membrane (TM) and Reisner’s membrane (RM) are labeled. The OCT beam (vertical
cyan dashed line) was directed from the top. The vertical (axial) resolution was ⇠2.7 `m per pixel and the
axis is labeled in `m units. The white line indicates the magnitude of the A-scan. Motion was measured
at local maxima in the A-scan, where SNR is relatively high. [ = the BM angle relative to the horizontal
line. B) A histological photograph of the OCC of guinea pig in the base [41]. The approximate axis of the
OHCs (orange line), IHCs (yellow line) and the BM (green line) are labeled. The shaded gray rectangular
represents the approximate B-scan width in panel A.
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1.7 Motivation and outline
Hearing loss/impairment can have a big impact on a person’s quality of life. Hearing loss
has been linked to stress, depression, loneliness, reduced job performance, and reduced physical
and mental well-being. According to the Hearing Loss Association of America (HLAA), approx-
imately 48 million Americans (⇠ 20 percent) report some degree of hearing loss. The majority
of hearing impairment cases which are due to the loss of the sensory cells or the damage to the
auditory neurons are irreversible. Hearing aids are amplifiers, such that, they increase the hearing
sensitivity, but can not improve the frequency resolution. To date, there is no way to repair the
frequency resolution of the ear.
Cochlear implant (CI) is a medical device very different from hearing aids. CI bypasses the
damaged (or never developed) sensory cells in the cochlea and triggers the auditory nerve fibers
by sending electrical signals through multiple electrodes. It is best used in cases where the middle
ear and the auditory nerve fibers are healthy. CIs have revolutionized the treatment of hearing loss.
However, the hearing provided by CIs is far from perfect. A big challenge is the sound quality,
which relies on the frequency resolution of the ear. In order to improve the sound quality produced
by hearing aids and CIs, the micro-mechanics of the cochlear amplification should be properly
understood.
The overall objective of my doctoral research was to improve the basic understanding of the
mechanism behind cochlear amplification. We approached it with measuring the cochlea’s elec-
trophysiological and mechanical responses in gerbil and guinea pig. The experimental designs are
explained in Chapter 2. In gerbil, we aimed to study the sound-induced OHCs extracellular poten-
tials - termed as Local Cochlear Microphonic (LCM) - and the intra-cochlear motion responses to
the two types of sound stimuli: single tones and multi-tone complexes. We explored the effect of
the two types of sound stimuli to the nonlinear behavior of voltage and motion in two frequency
bands: a frequency band below the BM nonlinearity (sub-BF band: f < ⇠ 0.7 BF), and in the BF
band. In the guinea pig study, the goal was to repeat the experiments in gerbil and compare the
14
LCM and motion responses between these two species. Chapter 3 includes all the results. In Chap-
ter 4, i) the comparison of two types of sound stimuli, ii) the relationship between intra-cochlear
motions and LCM and iii) the potential differences in cochlear mechanics between guinea pig and
gerbil were discussed. In gerbil, OCT measurements in our lab and other labs had recently dis-
covered that the OHC region showed significantly more motion than other regions in the organ of
Corti. In our comparison studies, were were particularly interested in comparing this aspect of the
results in the two species.
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Chapter 2: Experimental design and approach
2.1 Gerbil experiments
The content of this section was published in the peer-reviewed journal article:
Fallah, E., Strimbu, C. E., & Olson, E. S. (2019). Nonlinearity and amplification in cochlear responses
to single and multi-tone stimuli. Hearing research, 377, 271-281.
2.1.1 Animal preparation and maintenance
Mongolian gerbils, Meriones unguiculatus, between 60 and 80 grams of both sex were used as
the animal model. The experiments were approved by the Institutional Animal Care and Use Com-
mittee of Columbia University. The surgery and data acquisition were performed in a sound booth
where the environment noise is minimum. Gerbils were anesthetized throughout, and euthanized
by pentobarbital anesthetic overdose at the end of the experiments. A tracheotomy was performed
to maintain a clear airway and a regulated heating blanket maintained the body temperature at ⇠
37°C. The left pinna was removed and the bulla was opened to view and access the cochlea. A
drawing from the opening view (panel A) and the cross-section (panel B) of the cochlear base
in gerbil are in Fig. 2.1. Although the motion and the voltage measurements were conducted on
separate days and animals, the cochlear responses were measured from approximately the same
region of the cochlea (similar distance from the base = similar BF peak). To gauge the cochlear
condition, distortion product otoacoustic emissions (DPOAEs) in response to a two-tone stimulus
with fixed frequency ratio ( 52/ 51 = 1.25) and equal stimulus levels (60, 70 and 80 dB SPL) were
measured throughout the motion experiments. DPOAEs are the built-in frequencies emitted from
a healthy nonlinear cochlea when a two-tone stimulus is sent. DPOAEs are an indication that the
cochlea is in normal status and the cochlear amplification is functioning. For the voltage experi-
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ments, compound action potential (CAP) thresholds were measured with an electrode at the round
window before/after the cochleostomy and between the recordings. CAP represents the summation
response of all cochlear afferent neurons firing to a single tone stimulus. Small (up to ⇠ 5 dB) or
ideally no change in the CAP thresholds between cochlear measurements is an indication that the
preparatory surgery did not damage the cochlea.
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Figure 2.1: A) A drawing of the gerbil cochlea from the bulla opening (by Vanessa Cervantes). LCM
responses were measured from a hand-drill hole (⇠100 `m) in the base of cochlea (The location of the
cochleostomy can be seen in the ST), motion responses were measured through the intact round window
membrane. B) Cross-section of the cochlea, showing the electrode positioned close under the organ of Corti
complex (OCC) in the first turn. Panels A & B are very similar to that in our published paper [42]. ST: scala
tympani, TM: tectorial membrane, RL: reticular lamina, BM: basilar membrane, OHCs: outer hair cells.
C) A diagram of the OCC, the motion and the electrophysiological voltage measurements were obtained at
approximately same region of the cochlea on separate animals.
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2.1.2 Sound Stimulus
The sound stimuli were generated by a Tucker Davis Technologies (TDT) system, and the
EC pressure measurements were performed close-field with a Radio Shack dynamic speaker. A
Sokolich ultrasonic microphone (WGS & Associates, Newport Beach, CA) was coupled to the
speaker tube for sound calibration just inside the EC. Two types of sound stimuli were used.
Single tones: Single tones from ⇠1 kHz - 32 kHz with frequency spacing of 500 Hz (for the
voltage measurements), sometimes larger frequency spacing of 1 kHz was used for the motion
measurements. Each stimulus run was ⇠ 1 seconds in duration.
Multi-tone complexes: To design the multi-tone stimuli, we followed van der Heijden and Joris
(2003). According to them, the distinct stimulus frequencies 51, 52 . . . 5# are chosen such that there
is no overlap between the second and third order distortion products and the primary frequencies.
In this way, output distortion products do not overlap with primary tones. A random phase between
-c and c was chosen for each tone. The multi-tone complexes had different frequency spacing
depending on the number of frequencies and the stimulus time duration. In gerbil experiments,
a 40-tone stimuli (time duration of ⇠ 5 seconds) was used for the LCM measurements. Longer
data acquisition time was needed for the motion measurements to reduce the noise level. Thus, we
used a 60-tone stimuli (time duration of ⇠ 10 seconds) for the OCT motion measurements. The
recording time and the number of tones (60 versus 40 tones) for the multi-tone stimulus did not
influence the comparative factors of the interest discussed in this thesis. Equation 2.1 presents the




 B8=(2c 58C + q8)
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2.1.3 Intra-cochlear motion measurements
The intra-cochlear motions were measured through the intact round window membrane. We
used a commercial Thorlabs Telesto SD - OCT system that has been made for imaging and was cus-
tomized to measure displacements of different layers within the OCC simultaneously (see Chapter
1 section 1.6). A custom software written in C++ and a ThorLabs Software Development Kit were
used to control the OCT system. The TDT clock signal was modified to trigger each OCT scan
in synchrony with the acoustic stimulus. The sampling rate of OCT recordings were ⇠ 100 kHz.
The raw OCT spectra were first converted to maps of intensity vs. depth (axial position) and then
pixels with the highest intensity were selected for extraction of the motion vs. time. The final
traces were subjected to Fourier analysis. For the single tone measurements, after extracting the
motion, the recordings were averaged 511 times in the time domain. No averaging was used in
the multi-tone recordings because the time traces of the multi-tone stimuli never repeated so time-
locked averaging was not possible. The response at each frequency was included in the results if
it was ⇠ 3 standard deviations above the mean noise floor measured with ten neighboring points in
the Fourier Transform. Image processing and analysis scripts were written in custom software in
MATLAB (MathWorks R2016b & R2017b).
2.1.4 Local cochlear microphonic (LCM) measurements
The OHC extracellular voltage is caused by the OHC MET current and is referred to as the
cochlear microphonic (CM). We measured the CM close to the BM and in that way measured
responses from the OHCs in that local region. We refer to this as the local CM (LCM). The LCM
was measured through a hand-drilled hole in the bony wall of the cochlea. A sampling rate of ⇠
200 kHz was used for the LCM recordings. The LCM electrode is a sharp tungsten micro-electrode
(⇠ 1 `m tip diameter - FHC, Bowdoin ME), insulated to its tip, and was advanced close to the OCC
in ST. A reference electrode was placed on the muscle at the neck. When the LCM micro-electrode
is in the vicinity of the OHC region, the LCM frequency responses to low/moderate SPLs show
a large peak in the BF band and the LCM phases relative to the EC pressure go through several
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cycles. The response plots are shown in Chapter 3 section 3.1.2.
2.2 Guinea pig experiments
The content of this section is similar to that in our paper accepted at the journal Hearing Re-
search.
2.2.1 Animal preparation and maintenance
Forty young guinea pigs between 180 and 300 grams of both sex were used in this study and
results from twelve are reported. Since it was the first series of guinea pig intra-cochlear experi-
ments in our lab, several animals were used to develop the approach. In a couple of experiments
the cochlea was damaged after cochleostomy, or the spontaneous contraction of the tensor tympani
motion (one of the middle-ear muscles) disrupted the imaging, or the animal died prematurely
under anesthesia. The experiments were approved by the Institutional Animal Care and Use Com-
mittee of Columbia University. The cochlear responses were measured in a sound booth while
the animals were deeply anesthetized with isoflurane inhalant. The animal body temperature was
maintained at ⇠ 38°C by a regulated heating blanket. The left bulla was opened using a posterior
approach so that the RW and the first turn of the cochlea were accessible (Fig. 2.2 A). In order to
get access to a similar frequency band as our previous measurements in gerbil (BF ⇠ 20 kHz - 25
kHz), first a small hole (diameter ⇠ 100 `m) was hand-drilled in the bony wall of the cochlea, ⇠
0.4 mm from the RW and LCM measurements were conducted. In the preparations where both
LCM and motion were measured, the LCM cochlear hole was carefully expanded to ⇠ 200 - 300
`m in diameter for the OCT motion measurements.
To ensure that the cochlea was in a healthy state, CAP thresholds were monitored in three ani-
mals of the twelve (GP 6, 21 & 23) with an electrode at the RW before and after the cochleostomy
(Fig. 2.2 B). In the other nine reported experiments, for the sake of time, instead of CAP, DPOAEs
were measured in response to a two-tone stimulus with fixed frequency ratio ( 52/ 51 = 1.25) and
equal stimulus levels (60, 70 and 80 dB SPL). In Fig. 2.2 D the average difference in DPOAEs at a
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frequency of 2 51   52 in response to 60 dB SPL stimuli before and after cochleostomy are shown.
The DPOAEs in response to all three SPLs are shown for one animal in Fig. 2.2 C. These twelve
cochleae (eight cochleae for the motion measurements and eight cochleae for the LCM experi-
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Figure 2.2: A)View of the base of the guinea pig cochlea through an opening in the bulla. The round window
(RW) and part of the cone of the cochlea (2nd turn and beyond) are in view. A hand-drilled hole (enlarged
for this photo after the measurements were made) ⇠ 0.4 mm apical of the RW is seen. The white dotted
line indicates the path of the BM inside the cochlea. B) Compound action potential (CAP) thresholds before
(solid lines) and after the cochleostomy (dotted lines) for three animals. C) Distortion product otoacoustic
emissions (DPOAEs) at frequency of 2 51   52 in response to 60, 70 and 80 dB SPL two-tone stimuli ( 52/ 51
= 1.25), before (solid lines) and after the cochleostomy (dotted lines) for one animal (GP 46). D) Group
data from nine animals of the difference in DPOAEs before and after the cochleostomy. The primary level
was 60 dB SPL. From ⇠ 15 - 35 kHz the changes in DPOAE level were on average less than 4 dB and were
deemed acceptable. This figure is very similar to that in our paper accepted at journal Hearing Research.
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2.2.2 Sound Stimulus
The sound stimuli production, calibration and delivery were very similar to those in gerbil
experiments (described in section 2.1.2). For the guinea pig, almost all data (LCM and OCT) were
obtained with 60 tones, and the few recordings with 40 tones did not show systematic differences in





1.76 dB, which is small compared to the overall stimulus range, and was not expected to influence
the comparative factors of the interest. As mentioned in section 2.1.2, the multi-tone stimulus time
duration for both LCM and OCT motion measurements was ⇠ 5 seconds. For single-tone (only
LCM data collected), the stimulus time duration was ⇠ 1 second.
2.2.3 Intra-cochlear motion measurements
The motion measurements were performed in eight guinea pigs. The same Thorlabs Telesto
SD-OCT system that we used in our gerbil experiments was employed to acquire the intra-cochlear
motion in the base of the cochlea. In several experiments, motion measurements were performed
in the same cochlea before or after the LCM measurements. Similar to our gerbil OCT recordings,
depending on the direction of the OCT beam, and the radial location where the beam was aimed,
the reflectivity of each pixel in the A-scan varied and that affected the SNR of the motion responses.
The thresholded responses (⇠ 3 standard deviations above the mean noise floor measured within
ten neighboring points in the frequency domain) were plotted and utilized in this study. Except
the stimulus time duration (⇠ 10 seconds in gerbil and ⇠ 5 seconds in guinea pig motion measure-
ments), the rest of the data recording and processing factors (e.g sampling frequency, averaging,
...) were identical to our previous experiments in gerbil.
2.2.4 Local cochlear microphonic (LCM) measurements
LCM measurements were performed in eight guinea pigs. The method (e.g. surgical approach,
LCM micro-electrode, single and multi-tone sound stimuli, sampling frequency, ...) was identical




3.1.1 Intra-cochlear motion results
Intra-cochlear motion responses from eight gerbils are discussed in this thesis. Fig. 3.1 shows
frequency responses from one preparation that represents the main points. This data is replotted
here from our previously published paper [42]. Fig. 3.1 A shows the B-scan image illustrating
the RW membrane on top and the OCC ⇠ 0.7 mm below the RW. The blue dashed line represents
the position of the axial scan (A-scan), the direction of the OCT beam was from the top to the
bottom. The BM motion amplitude and phase frequency responses are plotted in Fig. 3.1 B&C
(multi-tone responses = solid lines, single tone responses = solid dots) and the responses from
a location ⇠75 `m inside the OC, close to the OHCs are shown in Fig. 3.1 D&E. For the sake
of time, motion responses to single tones were recorded from only 6 - 7 frequencies, but gave
us adequate information to compare to the multi-tone responses. The frequency response of the
OHC-region motion was tuned to approximately the same BF as the BM motion (⇠ 21 kHz in
Fig. 3.1 B&D). In response to low to moderate SPLs, the OHC-region vibrated more than the BM
throughout the whole frequency band. In the BF band, a large nonlinear peak was seen in both
intra-cochlear regions (indicating that the cochlear amplification was functioning). The phase of
the BM motion relative to EC pressure (which indicates cochlear traveling wave delay, see section
1.3) was nearly SPL- independent and did not have a significant difference between the single tone
and multi-tone stimuli (Fig. 3.1 B). Sub-BF, the BM motion growth to both type of stimuli is linear.
This is consistent with numerous BM basal motion data in the past [43, 44]. However, a nonlinear
pattern was observed in the sub-BF motion responses in the OHC region. Observing this internal
nonlinearity was a new finding in cochlear mechanics and is more discussed in Chapter 4. The
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OHC-region motion in the sub-BF band was boosted compared to the BM motion. This boosting
was compressive (in the animal shown in Fig. 3.1 D the sub-BF compressive nonlinearity started
at 80 dB SPL (for the single tone stimuli) and 50 dB SPL (for the multi-tone stimuli)). The OHC-
region sub-BF nonlinearity was consistently observed in all healthy gerbil cochleae - six from this
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Figure 3.1: A) B-scan image from the organ of Corti in the base of the cochlea in gerbil. Round window
(RW), Basilar membrane (BM) and Outer hair cell (OHC) region are labeled. The OCT beam was directed
through the OHCs. B) The amplitude of the BM motion relative to the EC pressure. C) Corresponding phase
re. EC pressure. D) The amplitude of the OHC-region (⇠75 `m deeper) motion relative to the EC pressure.
E) Corresponding phase re. EC pressure. Solid lines = multi-tone responses. Solid dots = single tone
responses. This figure is similar to that in our paper previously published at the journal Hearing Research
[42].
We evaluated three aspects of cochlear amplification in the intra-cochlear motion responses to
the multi-tone stimuli: i) The maximal BM and OHC-region motion gains in response to 40 dB
SPL stimuli. ii) The motion gain factors, defined as the ratio of the 40 dB SPL motion gain to the
80 dB SPL motion gain, calculated at the BF (⌧ ⌫ ) and a single frequency below the BF (⌧ BD1)
found at 40 dB SPL. The 40 - 80 dB range was used to provide consistency across experiments.
iii) The sharpness of tuning (&103⌫ values) of the BM and OHC-region motion responses. &103⌫
value is defined as the BF divided by the frequency bandwidth 10 dB below the peak, at 40 dB
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SPL. These features were calculated for eight gerbil cochleae, selected based on good SNR, and
are tabulated in Table 3.1. The 40 dB SPL motion and ⌧ ⌫  were substantially greater in the OHC
region than at the BM. The &103⌫ values spanned from 3.5 to 5.7 and were generally similar in the
two regions. Statistical comparisons of these three factors are discussed in section 3.3.4.
Table 3.1: 40 dB SPL motion gains at the BF (nm/Pa) and motion gain factors for the BM and OHC
region responses to multi-tone stimuli at a sub-BF frequency (⌧ BD1) and at the BF (⌧ ⌫  ) in eight gerbil
cochleae. ⌧ BD1 & ⌧ ⌫  were defined as the ratio of the 40 dB SPL motion gain (nm/Pa) to the 80 dB SPL
motion gain (nm/Pa). ⌧ ⌫  was calculated using the BF found at 40 dB SPL. ⌧ BD1 was calculated for a
single sub-BF frequency in the range from 9-11 kHz. In the cases where 40 dB SPL motions were partially
in the noise we were unable to determine &103⌫ and left the entries blank. This table is adapted from our
paper accepted at the journal Hearing Research.
In order to underscore the observations above, we show the experimental input/output (I/O)
curves for the BM and the OHC-region motion responses to the multi-tone stimulus in Fig. 3.2.
The I/O curves were obtained by averaging the motions in the sub-BF band of an individual animal
and then averaging these across the six preparations (solid lines in Fig. 3.2), and similarly for the
BF band(dashed lines Fig. 3.2). At the BM (Fig. 3.2 A), the sub-BF band motions scale linearly
with stimulus level and the BF band scales nonlinearly. At the OHC location (Fig. 3.2 B), in the
sub-BF band, multi-tone motions were compressed starting at 40-50 dB SPL. In the BF band, OHC
motions peak at ⇠ 65 dB SPL and then decrease with increasing SPL. This "hyper-compression"
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was also seen in single tone OHC motions (Fig. 3.6 C). Our observations of hyper-compression in
motion responses within the organ of Corti upheld other recent measurements [46].
Figure 3.2: Averaged input/output curves for A) BM motion and B) OHC-region motion, in response to
multi-tone stimuli. Compression is seen in the OHC-region motion responses from ⇠ 40-50 dB SPL (black
solid line panel B), while the BM motion is maintained linear (black solid line in panel A). In the BF band,
OHC-region motion showed hyper-compression. (gerbil numbers 707,733,736,739,744,746). This figure is
very similar to that in our paper previously published at the journal Hearing Research [42].
3.1.2 LCM results
LCM measurements were performed on eight gerbils. Representative frequency responses of
LCM amplitude (mV), LCM normalized amplitude to the EC pressure (mV/Pa) and normalized
phase (cycle) from one preparation is shown in Fig. 3.3. The responses to multi and single-tone
stimuli were plotted in top and bottom rows, respectively. The LCM responses to single tones had
a similar nonlinear pattern to previous measurements: a nonlinear enhanced LCM response at low
to moderate SPLs in the BF band (Fig. 3.3 E). In the BF band, minor compression was seen at 80 &
90 dB SPLs (black and grey line in Fig. 3.3 E). The LCM compression at high SPLs and its linear
scale at low SPLs (⇠10-30 dB SPL LCM responses were increased linearly) are in harmony with
the OHC MET current - hair bundle displacement relationship discussed in section 1.4.2. This is
more discussed in section 4.1. Contrary to the single tone responses, when multi-tone stimuli were
sent, the LCM sub-BF nonlinearity started at a much lower stimulus level, ⇠ 50 dB SPL (red line
in Fig. 3.3B). The compression is more clear in Figs. 3.4 & 3.5.
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The frequency responses of the LCM phase relative to the phase of the EC pressure in response
to single tones is in Fig. 3.3 C and in response to the multi-tone stimuli is in Fig. 3.3 F. A rapid
increase in phase slope in the LCM BF-band responses was observed at low to moderate SPLs
which evinced that the OHCs electrical responses are coupled to the traveling waves in the cochlea.
However, in response to high SPLs (80 - 90 dB) the LCM phase flattened considerably, and the
remaining plateau slope could be attributed mainly to middle ear delay (⇠25 `s) [47]. At that level
the OHC currents contributing to LCM cannot be attributed to local OHC responses alone.
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Figure 3.3: LCM responses in the base of the cochlea in gerbil. Top row: Single tone responses. Bottom
row: Multi-tone responses. A&D) LCM amplitude (mV). B&E) LCM gain (amplitude re. EC pressure,
mV/Pa). C&F) Corresponding LCM phase re. EC pressure. Data reprinted from our published paper [42].
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The normalized amplitude and referenced phase LCM in response to the multi and single tones
in Fig. 3.3 are replotted together at each SPL in Fig. 3.4. The aim was to directly compare single
tone and multi-tone responses. The frequency responses to the two stimulus types are approx-
imately identical at 10 and 20 dB SPL, but at 30 dB SPL compression was apparent in the BF
band of the multi-tone response. At 50 dB SPL there was substantially more compression in the
multi-tone response, and this difference extends to sub-BF frequencies. The notch at ⇠ 20 kHz is
plainly seen for both stimulus types, and is accompanied by a ripple in the phase that, due to phase
unwrapping, can either push the phase down (10-40 dB SPL) or up (50-60 dB SPL).
Figure 3.4: Amplitude and phase of LCM re: EC pressure, in response to multi-tone (in red) and single-tone
stimuli (in blue). g728 runs 10 and 11. This figure is very similar to that in our paper previously published
at the journal Hearing Research [42].
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The observations regarding nonlinearity noted when describing Figs. 3.3 & 3.4 are reinforced
in the I/O curves. Experimentally measured I/O curves for LCM data representing the sub-BF and
BF band are shown in Fig. 3.5. The sub-BF/BF curves were generated by averaging responses
in the sub-BF/BF band of an individual gerbil cochlea and then averaging these across the eight
preparations. In response to high SPLs, LCM growth showed more compression in the BF band.
The compression was larger in response to multi-tone stimuli (blue curves) than in the responses
to single tone stimuli (red curves).
Figure 3.5: A) Input/output curves for LCM data in response to multi-tones (blue), and single tones (red)
in sub-BF and BF bands. In the sub-BF band LCM responses to single tones were linear to ⇠ 80 dB SPL,
while in LCM responses to multi tones began to be compressed much earlier (⇠ 50 dB SPL). In the BF band
LCM responses to both stimuli were more compressed than in the sub-BF band. I/O curves were averaged
across the eight preparations in [42]. This figure is very similar to that in our paper previously published at
the journal Hearing Research [42].
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3.1.3 Comparison between LCM and intra-cochlear motion
We compared the experimentally measured I/O curves for the BM motion (solid lines) and the
OHC-region motion (solid bold lines) to the I/O curves for LCM responses (dashed bold lines) in
gerbil (Fig. 3.6). In each panel all three quantities are shown. The left panels, Fig. 3.6 A&C are
single tone responses and the right panels, Fig. 3.6 B&D are multi-tone responses. The top row is
sub-BF responses and the bottom row is BF-band responses. The top row compares the LCM, the
BM and the OHC-region motion results at three frequencies (6,10 and 15 kHz , g728) in the sub-BF
band and the bottom row compares LCM results at two frequencies in the BF band (23 and 25 kHz,
g728) to the BM and the OHC-region motion results at a frequency just below the BF (20 kHz,
g733). This figure reinforces observations from above: In the sub-BF band, the magnitude of the
OHC-region motion was greater than the BM motion, and the OHC-region motion and LCM were
compressively nonlinear, while the BM motion was linear. In the sub-BF band with single-tone
stimulation, LCM and the OHC-region motion responses were compressed only at high SPL, ⇠
80 dB (Fig. 3.6 A); with multi-tone stimulation LCM and the OHC-region motion responses were
compressed from ⇠ 40-50 dB SPL (Fig. 3.6 B). In the BF band (Fig. 3.6 C&D), LCM, BM and
OHC-region motion all showed nonlinear compression. A decrease in response with increasing
the stimulus SPL (which is termed Hyper-compression) was observed in the OHC-region motions
at SPLs above 60 dB SPL, and was more pronounced with the multi-tone stimulus (black bold
line in Fig. 3.6 D). LCM responses became very compressed above ⇠ 40 dB SPL with the multi-
tone stimulus, but did not become hyper-compressed. This lack of hyper-compression in the LCM
responses might be due the observation made when discussing Fig. 3.3, that at SPLs greater than
⇠ 70 dB SPL, the LCM responses can no longer be attributed solely to local OHCs.
As mentioned in introductory Chapter 1, comparing the LCM and intra-cochlear motion re-
sponses is critical for understanding the mechanics behind cochlear amplification. Please see
Chapter 4 section 4.2 for more discussion about the relationship between these two types of re-
sponses.
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Figure 3.6: Comparison of the responses of LCM (dashed bold lines), BM motion (solid lines) and OHC-
region motion (solid bold lines) with A) Single tone stimuli at three frequencies in the sub-BF band (6 kHz,
10 kHz & 15 kHz). B) Multi-tone stimuli at the same three sub-BF frequencies as in panel A. C) Single
tone stimuli at three frequencies in the BF band (20 kHz, 23 kHz & 25 kHz). D) Multi-tone stimuli at
frequencies in panel C in the BF band. LCM responses from g728: run10 (single tone), run 11 (multi tone).
Intra-cochlear motion responses from g733: run27 (single tone), run 26 (multi tone). This figure is similar
to that in our paper previously published at the journal Hearing Research [42].
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3.2 Guinea pig experiments
3.2.1 Intra-cochlear motion results
Guinea pig intra-cochlear motions were obtained in response to multi-tone stimuli. Fig. 3.7 A
shows a B-scan image taken from the OCC. The amplitude and phase of the BM and OHC-region
motions normalized to the EC pressure are depicted in Fig. 3.7 B-E. Similar to gerbil, in both
OCC regions, motions were largest at the BF (slightly over 20 kHz in Fig. 3.7), where they grew
nonlinearly with stimulus level. The phase of both the BM and OHC-region motion responses
(indicating the cochlear traveling wave delay) were nearly SPL - independent. The motions were
substantially greater in the OHC region than at the BM in all eight cochleae. In the sub-BF band,
the BM motion increased essentially linearly (Fig. 3.7). In the OHC region, from eight OCT
experiments, only four showed sub-BF motion nonlinearity.
The three aspects of cochlear amplification that we evaluated in gerbil in section 3.1.1 were also
calculated for guinea pig data. The maximal 40 dB SPL motion gains, the BF and sub-BF motion
gain factors (⌧ ⌫  & ⌧ BD1) and the &103⌫ values for both intra-cochlear regions are tabulated in
Table 3.2. In total, the motion gains and gain factors (⌧ BD1) were much less in the sub-BF band
than in the BF band (Table 3.2). The &103⌫ values spanned from 2.8 to 5.1 and were similar in the
two OCC regions; Statistical comparisons of these three features between gerbil and guinea pig
are discussed in section 3.3.4.
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Figure 3.7: A) B-scan image in the base of the cochlea in guinea pig. The OCT beam was directed to
OCC through cochleostomy. B) The motion amplitude responses of the BM relative to the EC pressure.
C) Corresponding phase re: EC pressure. C) The motion amplitude responses of the OHC-region (⇠90`m
deeper). D) Corresponding phase re: EC pressure. Sub-BF nonlinearity was observed in the OHC-region
motions. This figure is very similar to that in our paper accepted at the journal Hearing Research.
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Table 3.2: Maximal 40 dB SPL motion gains (nm/Pa), (⌧ BD1) and (⌧ ⌫  ) in eight guinea pig cochleae.
The parameter values were calculated as in Table 3.1. [: the angle shaped between the BM and the OCT
beam (horizontal line) was calculated in guinea pig experiments. In the result entries marked with *, 40 dB
SPL motions were in the noise in the 9-11 kHz range, thus ⌧ BD1 was calculated from 50 to 80 dB SPL
in these cases. This also could limit the ability to determine &103⌫ and in those cases, thus, those entries
were left blank. **Two values are shown; for the larger value (2.7) the four cases that were essentially
linear sub-BF were excluded from the average. This table is adapted from our paper accepted at the journal
Hearing Research.
Considerations of OCT beam angle: As mentioned in section 3.2.1, we did not detect robust
sub-BF nonlinearity in the OHC-region motion in guinea pig compared to our motion results in
gerbil. We speculated that the OCT beam angle may have influenced our result. Thus, we varied the
OCT beam angle relative to the horizontal line ([) in different experiments and explored differences
based on this angle (Table 3.2). Based on the study by Fernández (1952) in guinea pig, at distances
between 0 – 3.5 mm from the base, the angle formed between the OHCs and the BM (V) and
the angle between OHCs and IHCs (W) were estimated to be V ⇠ 40°– 50°and W ⇠ 60°– 70°.
Fernandez reported that a constant angle of U ⇠ 65°formed by the axis of the BM and the IHCs is
present from the base to the apex [48]. The internal angles measured in the first turn of the guinea
pig hemicochlea (⇠14 mm from the apex) were reported to be U ⇠ 66°± 3.75°(N=8) and V ⇠ 52°±
2.17°(N=8) [49]. Our cochlear responses were tuned to BF ⇠ 22-24 kHz – which corresponds to a
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distance of ⇠ 1.5 - 1.7 mm from the base (⇠ 16.5 - 16.3 mm from the apex) based on the frequency-
location map in guinea pig (Greenwood, 1990). Following the studies by Fernández [48] and Teudt
& Richter [49], we considered the internal cochlear angles as U = 65°, V = 40°and W = 75°, when
[ is greater than 35°, the angle formed between the axis of the OHCs and the OCT beam (\) will
be less than ⇠15°. We hypothesized that sub-BF nonlinearity would be more detectable when the
OCT beam was more aligned with the OHCs axis. However, robust angle-dependent variations in
the motion, in particular with respect to the detection of sub-BF nonlinearity in the OHC regions,
were not observed (Table 3.2).
Figure 3.8: A) The histological photograph of the OCC of guinea pig in the base in Fig. 1.7 B was placed
on top of the B-scan in Fig. 1.7 A. The OCT beam (vertical cyan dashed line) was directed from the top.
U = the angle between the BM and inner hair cells (IHCs) (yellow line is the axis of IHCs). V = the angle
between the BM and OHCs (brown line is the axis of the OHCs). W = the angle between OHCs and IHCs. \
= the angle between the OCT beam and the OHCs. [ = the BM angle relative to the horizontal line. B & C)
Two diagrams of the cross-section of the guinea pig cochlea showing two different BM angles relative to the
horizontal line. The range of [ depended on the precise position of the cochleostomy and varied between
preparations. This figure was adapted from our paper accepted at the journal Hearing Research.
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Considerations of radial location in motion responses: In Fig. 3.9, the intra-cochlear mo-
tion responses to multi-tone stimuli are shown at two different radial locations in two guinea pig
cochleae. The blue colored A-scans were directed to a radial location 20 `m (in GP 46) and 40 `m
(in GP 32) lateral (towards the spiral ligament) relative to the red colored A-scans. In GP 46, the
BM motion responses were linear in the sub-BF band and showed a nonlinear peak in the BF band,
with a slightly larger peak at location 3 compared to location 1. Comparing the motions within the
OC, the vibration at position 4 was 2 to 3 times larger than at location 2. Sub-BF nonlinearity was
observed in the OC motion responses at the more lateral location 4, but not at position 2. In GP 32,
the BM motion was slightly larger at the more lateral location (3 versus 1). However, the intra-OC
motions at the more lateral location 4 were slightly smaller than at location 2. A small degree of
OHC-region sub-BF nonlinearity was observed at the more lateral location 4, but not at location 2.
In four of the eight displacement experiments, although we explored the radial space to the degree
possible given the anatomical constraints, sub-BF nonlinearity was not detected.
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Figure 3.9: Comparison of the amplitude of the intra-cochlear motion responses to multi-tone stimuli at
two radial locations in two guinea pig cochleae. The degree of sub-BF nonlinearity within the OC varied
laterally. The vertical (axial) resolution was ⇠2.7 `m per pixel and the B-scans axial axis is labeled in `m
units. This figure is very similar to that in our paper accepted at the journal Hearing Research.
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3.2.2 LCM results
LCM measurements were obtained in eight guinea pigs. The amplitude (mV), gain (LCM re
EC pressure, mV/Pa), and phase of the LCM responses to multi-tone stimuli in one guinea pig is
shown in Fig. 3.10. In the guinea pig experiments, the LCM electrode was inserted into the first
turn scala tympani, and advanced a greater distance (⇠ 0.5-0.7 mm from the bony wall compared to
⇠ 0.3-0.5 mm in gerbil), to reach to a position close to the BM. When the electrode was in position,
the LCM phase relative to the EC pressure went through several cycles with characteristic traveling
wave delay, which assured that the OHCs contributing to the responses were localized to a fairly
narrow longitudinal region of the cochlea (Fig. 3.10 C & F). Similar to gerbil, nonlinear growth in
both the BF and the sub-BF bands was more pronounced in response to multi-tone stimuli, and was
much larger in the BF band, where LCM responses showed compressive nonlinearity except at the
lowest SPLs in both species. The sub-BF LCM responses to multi-tone stimuli were substantially
more compressed compared to the single tone sub-BF responses. This was expected because the
overall magnitude of a 60-tone complex stimulus is ⇠ 20 logp60 w 17.8 3⌫ greater than a single
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Figure 3.10: Frequency responses of the local cochlear microphonic (LCM) to multi-tone (top row) and
single tone stimuli (bottom row) measured in the first turn in guinea pig. A & D) LCM amplitude (mV). B
& E) LCM gain (amplitude relative to EC pressure, mV/Pa). C & F) Corresponding phase.
3.3 Comparison between guinea pig and gerbil
The intra-cochlear motion and LCM comparative factors were studied between guinea pig and
gerbil in response to multi-tone stimuli solely.
3.3.1 Tuning of the BM motion
The BM motion amplitudes and degrees of nonlinearity in the two species were very similar
when observed at the same BF (Fig. 3.11). Fig. 3.11 A shows the motion gains and in Fig. 3.11 B
the gerbil data has been shifted vertically by a factor of 4/3 so that the 40 dB SPL data line up in
the peak (green curves). In this comparison, the guinea pig motion was slightly larger than gerbil,
but as tabulated in Table 3.2, there is substantial overlap between the two species in this metric.
The &103⌫ values were slightly higher in gerbil than guinea pig (Fig. 3.11 C). One explanation for
the larger &103⌫ in gerbil could be because the gerbil motion measurements were obtained from
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slightly more basal locations (with slightly higher BF). Fig. 3.11 C shows a positive correlation
between &103⌫ values and the BF within each species, consistent with previous measurements
from auditory nerve fibers in gerbil [51, 52]. When comparing the same BF between species the
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Figure 3.11: A) The BM motion gain responses in guinea pig (solid lines, GP32 r20, BF = 22.4 kHz) and
in gerbil (dotted lines, g733 r26, BF = 22.4 kHz) are plotted together. The x-axis is normalized to the BF.
B) gerbil data was shifted vertically by a factor of 4/3 so that the 40 dB SPL peaks line up. C) &103⌫ values
of the 40 dB SPL BM and OHC-region motion responses in guinea pig and gerbil. Within each species,
positive correlations were observed between the intra-cochlear motion &103⌫ values and the BF (r = 0.86,
p < 05 for the BM motions in both gerbil and guinea pig, r = 0.78, p < 01 for the OHC-region motion in
guinea pig, r = 0.26, p = 0.2 for the OHC-region motion in gerbil). The BM-motion based BFs of the guinea
pig preparations were 21.3, 21, 25.2, 23.5, 22.5, 21.9, 19.6 & 21.6 kHz, respectively (GP order in Table 3.2.
The BM-motion based BFs of the gerbil preparations were 23.8, 28.1, 27.7, 22.4, 26.9, 28.4, 25.5 & 30.6
kHz, respectively (gerbil order in Table 3.1. This figure is similar to that in our paper accepted at the journal
Hearing Research.
3.3.2 Hyper-compression in the OHC region motion
Hyper-compressed occurs when motion responses diminish as stimulus SPL is raised. Fig. 3.12
shows the OHC-region motion, in nanometers, for a guinea pig (Fig. 3.12 A) and a gerbil (Fig. 3.12
B) preparation. In gerbil, the 80 dB curve undercuts the 30 - 70 dB curves starting at ⇠ 22 kHz.
This strong degree of hyper-compression was a common finding in gerbil [42, 46]. In guinea pig,
only a small degree of hyper-compression appeared in the OHC-region motion, at 80 dB SPL. The
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amplitude of the BM (dotted lines) and OHC-region (solid lines) motion responses relative to EC
pressure are plotted together for the guinea pig cochlea (GP 46, Fig. 3.12 C) and the gerbil cochlea
(g733, Fig. 3.12 D). In guinea pig the OHC region gain is larger than the BM at all SPLs, whereas
in gerbil at 70 and 80 dB SPL at many frequencies the BM moves more than the OHC region.
Hyper-compression is not observed in the BM motion in both species.
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Figure 3.12: Frequency responses of the basal OHC region motions (nm) in A) guinea pig and B) gerbil to
multi-tone stimuli. In gerbil strong hyper-compression is seen in the OHC-region motion responses to 70
(magenta line) & 80 dB (black line) SPLs in the BF band ⇠ 17 - 23 kHz. C & D) the amplitude of the BM
(dotted lines) and OHC-region (solid lines) motion responses relative to EC pressure are plotted together
for C) a guinea pig cochlea (GP 46) and D) a gerbil cochlea (g733). Hyper-compression is not observed in




LCM gain factors, defined as the ratio of the LCM gain (mV/Pa) from low (20 dB SPL) to
high (70 dB SPL) stimulus amplitudes, are tabulated at the BF (⌧ ⌫ ) and sub-BF (⌧ BD<1) in
Table 3.3. 20 to 70 dB SPL range was used to calculate LCM gain factors, rather than the 40-80
dB SPL range used for motion, because at high SPL the LCM responses could become non-local
(no longer showing traveling wave phase accumulation). Table 3.3 shows the LCM gain factors
at f ⇠ 7-9 kHz (⌧ BD1) and at the BF (⌧ ⌫ ) for eight guinea pig and seven gerbil cochleae. In
both BF and sub-BF bands, the gain factors in guinea pig LCM responses were less than the gain
factors in gerbil. The LCM responses in Table 3.3 showed a BF peak, and traveling wave delay
through several cycles, which means the responses were due to a reasonably localized population
of OHCs.
Table 3.3: Gain factors for the local cochlear microphonic (LCM) responses to multi-tone stimuli at a sub-
BF frequency (⌧ BD1) and at the BF (⌧ ⌫  ) in eight guinea pig and seven gerbil cochleae. ⌧ BD1 & ⌧ ⌫ 
were defined as the ratio of the 20 dB SPL LCM gain (mV/Pa) to the 70 dB SPL LCM gain (mV/Pa). ⌧ BD1
was calculated at a sub-BF frequency in the range from ⇠ 7 - 9 kHz. In the result entries marked with *,
the averages were calculated using just the experiments with peak LCM gain at least 7mV/Pa, as explained
in the text. Averaged LCM ⌧ BD1 in guinea pig is significantly smaller than the averaged LCM ⌧ BD1 in
gerbil (p <0.001, one-tailed unpaired t test with Welch’s correction. This table was adapted from our paper
accepted at the journal Hearing Research.
The LCM gain and gain factors in both species varied over a large range. Only four of the
gerbil data sets and two of the guinea pig data sets attained LCM gain values greater than ⇠ 7
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mV/Pa. Fig. 3.3 & 3.10 illustrate examples of the "best" LCM responses in gerbil and guinea pig,
respectively. Two additional LCM responses where less than 7 mV/Pa LCM was measured are
depicted in Fig. 3.13. The data sets with lower LCM value were tuned, nonlinear and possessed
traveling wave phase accumulation. Thus, we included those in our processing, with the caveat
that higher voltages might have been attained in these preparations with more optimal electrode
placement. The wide range in LCM values is likely in part due to variation in placing the electrode
in a "good" position close to the BM, because the placement was done somewhat blindly and I
hesitated to get too close and damage the OCC. Thus, in Table 3.3, those "best" LCM responses
were labeled with *. The star-labeled average entries are the average of only "best", LCM data
(LCM gain values greater than 7 mV/Pa) data sets. This influenced the ⌧ ⌫  average considerably
but had little effect on the ⌧ BD1 average, which was within a standard deviation of the mean of all
eight. Even with the limited data sets, only comparing the "best" guinea pig and gerbil preparations,
⌧ ⌫  and ⌧ BD1 for guinea pig remained lower than for gerbil.
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Figure 3.13: A) LCM responses: a preparation in guinea pig (GP 6) and one in gerbil (g 694) where less
than 7 mV/Pa LCM was measured. Multi-tone stimulation was used. Data sets with lower LCM value
were tuned, nonlinear and possessed traveling wave phase accumulation, and are reasonable to include in
the presented data, with the caveat that higher voltages might have been attained in these preparations with
more optimal electrode placement. This figure is similar to that in our paper accepted at the journal Hearing
Research.
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3.3.4 Group data comparison
Following Tables 3.1, 3.2 & 3.3, Fig. 3.14 shows the group data comparison in multi-tone
intra-cochlear motion and LCM responses between gerbil and guinea pig.
Maximal motion gain response to 40 dB SPL: A substantial overlap between the 40 dB SPL
BM motion gain at the BF was found in the two species (243 ± 129 =<%0 (N=8) in guinea pig; 226 ±
53 =<%0 (N = 8) in gerbil, Fig. 3.14 A). Contrary to the BM, in the OHC-region, the maximal 40 dB
SPL motion gain (which is obtained at the BF) was significantly smaller in guinea pig compared
to gerbil (540 ± 315 =<%0 (N = 8) in guinea pig; 1045 ± 188 =<%0 (N = 8) in gerbil, Fig. 3.14 B).
Degree of nonlinearity in the BF band (MLHL): In harmony with our maximal gain findings,
a substantial overlap between the BM motion ⌧ ⌫  was observed in the two species (BM motion
⌧ ⌫  = 21 ± 11 (N = 8) in guinea pig; 32 ± 18 (N = 8) in gerbil, Fig. 3.14 C). In contrast, in
the OHC-region motion, we found a significantly smaller degree of compressive nonlinearity in
guinea pig compared to gerbil (OHC-region motion ⌧ ⌫  = 36 ± 21 (N=8) in guinea pig; 326 ±
119 (N = 8) in gerbil, Fig. 3.14 D). Moreover, a lower degree of nonlinearity in the maximal LCM
responses was observed in guinea pig versus gerbil (⌧ ⌫  LCM = 40.5 for guinea pig vs 83 for
gerbil, Table 3.3, using the reduced * data sets). The * data sets in guinea pig were too sparse for
a statistical comparison and we do not include a bar graph for LCM ⌧ ⌫  .
Degree of nonlinearity in the sub-BF band (MLsub): Sub-BF, the BM motion was linear in
both species. Nonlinearity was observed in the OHC region but the degree of nonlinearity was less
in guinea pig than in gerbil, and as noted above it was detected only in four of eight healthy guinea
pig cochleae compared to every gerbil cochlea (OHC-region motion ⌧ BD1 = 2.7 ± 1.1 (N = 4) in
guinea pig; 4.5 ± 0.8 (N = 8) in gerbil, Fig. 3.14 E). The OHC-region motion ⌧ BD1 difference
between guinea pig and gerbil was statistically significant, even when the four guinea pigs that did
not display obvious nonlinearity were excluded. The degree of sub-BF nonlinearity in the LCM
responses was also significantly lower in guinea pig versus gerbil (LCM ⌧ BD1 = 2.3 ± 0.4 (N =
46
8) in guinea pig; 3.4 ± 0.6 (N = 6) in gerbil, Fig. 3.14 H).
Sharpness of tuning (W10dH value): Within each species, we observed a substantial overlap in
&103⌫ values between the BM and the OHC-region motions. Comparing the &103⌫values across
the species, a sharper tuning in the intra-cochlear motions in gerbil was observed compared to
guinea pig (BM motion: &103⌫ = 3.7 ± 0.9 (N = 5) in guinea pig; 5 ± 0.7 (N = 7) in gerbil. OHC-
region motion: &103⌫ = 3.8 ± 0.8 (N = 8) in guinea pig; 4.8 ± 0.7 (N = 8) in gerbil, Fig. 3.14 F &














Figure 3.14: A) Averaged 40 dB SPL maximal motion gain (nm/Pa) of the BM from eight preparations.
B) Averaged 40 dB SPL maximal motion gain (nm/Pa) of the OHC-region from eight preparations. C-E)
Averaged BM and OHC-region motion gain factors in guinea pig (blue bars) and in gerbil (red bars) cochleae
± s.d. (yellow lines). C) BM motion gain factor at the BF (⌧ ⌫  ) from eight preparations. D) OHC-region
motion ⌧ ⌫  from eight preparations. E) OHC-region motion gain factor at a frequency sub-BF (⌧ BD1)
from four best guinea pig (left blue bar), all eight guinea pig (middle blue bar) and eight gerbil cochleae.
F) &103⌫ values of the 40 dB SPL BM motion gains from five guinea pig and seven gerbil cochleae. G)
&103⌫ values of the 40 dB SPL OHC-region motion gains from eight preparations. H) LCM ⌧ BD1 from
eight guinea pig and seven gerbil cochleae. Data are means ± s.d. from Tables 1-3. ****P < 0.0001; ***P <
0.001; *P < 0.05; n.s., not significant; one-tailed unpaired t test with Welch’s correction. This is very similar
to that in our paper accepted at the journal Hearing research.
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Chapter 4: Discussion
The exquisite sensitivity and frequency selectivity in the mammalian cochlea is due to a nonlin-
ear feedback system controlled by the motion of the structures within the organ of Corti complex
(OCC) from one side and the OHC electromotility and mechano-electric transduction (MET) from
the other side. The basilar membrane (BM) is thought to be the main structural support for the
cochlear traveling wave, which is responsible for transporting sound energy down the cochlea
[54]. The cochlear amplifier enhances the BM motion in a compressive nonlinear pattern with the
sound level. This large compressive nonlinearity is only seen in a limited bandwidth, called the
best frequency (BF) band. The BM motion grows linearly in response to frequencies below the BF
band (sub-BF band < ⇠ 0.7 ⇥ BF) - see Figs. 3.1 B & 3.7 B.
Our understanding of cochlear amplification function and OHC excitation has recently been
advanced with the usage of optical coherence tomography (OCT) [54, 55]. OCT has allowed us
to image and simultaneously measure the displacements of the BM and the layers beyond the BM
along the axis of the OCT beam. In particular, we observed a nonlinear boost in the OHC-region
motion responses to the sub-BF frequencies that does not exist at the BM (Figs. 3.1 D & 3.7 D).
Coupled with our findings of the sub-BF nonlinearity in the OHC-generated LCM responses, we
believe that this sub-BF nonlinearity derives from OHC electromotility. The observation of OHC
electromotility in the sub-BF band is detrimental to the clean frequency separation or selectivity
of the cochlea. Thus, it has been important to understand the mechanism behind it. In section
4.1 of this chapter, I explain the effect of multi-tone stimuli compared to single-tone stimulus in
the degree of nonlinearity of the LCM responses. In section 4.2, I explain how we think sub-
BF nonlinearity derives from OHC electromotility and in section 4.3 I compare our observations
between gerbil and guinea pig. Some of the content of this chapter has been written in our paper
accepted at journal Hearing Research and some of the content was presented in [42].
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4.1 Comparison of single and multi-tone stimuli
One of the main objective of measuring the intra-cochlear motion and the LCM responses in our
first set of experiments (in gerbil) was to explore the differences in these two types of responses to
multi and single tone stimuli. We observed a larger compression in the LCM and the OHC-region
motion responses to multi-tone than to single tone stimuli (Figs. 3.1 D & 3.7 D). To first order,
this can be explained by the fact that the multi-tone stimulus has a greater magnitude at the EC
than a single tone stimulus by a factor of
p
# , where N is the number of tones in the multi-tone
stimulus. To explore the effect of the stimulus in our LCM responses, the I/O function of the
LCM amplitudes versus the EC pressure were modeled with a Boltzmann equation (Fig. 4.1 A).
This basic sigmoidal function is often used to describe the OHC MET channel operation [11] - see
section 1.4.2. Considering the fact that the input to the hair cell is hair bundle deflection, whereas
our input is EC pressure, the analysis of this section is limited to the sub-BF band LCM responses
because in this band the nonlinear compression could (hypothetically) be attributed simply to the
saturation of the MET current, without having to consider amplification. In the simple saturation
case, the stimulus at the hair cell is linearly linked to the stimulus EC pressure.
In order to predict the sub-BF I/O curves to multi-tone stimuli, we first found the Boltzmann
function parameters that well-modeled our experimentally measured sub-BF LCM responses to
single tones (solid black line in Fig. 4.1 B). After the Boltzmann I/O function was found, a 40-tone
stimulus identical to that in our experiments was applied as input. The multi-tone stimuli in our
experiments were equally leveled at all frequencies (Fig. 4.1 C). The predicted output, gray dashed
line in Fig. 4.1 B, resulted in less compression than what was measured experimentally (gray solid
line in Fig. 4.1 B). This was expected because we explored the sub-BF band, and with the multi-
tone stimulus, the frequencies in the BF band also were present and due to cochlear tuning and
amplification they provided a relatively larger stimulus to the local OHCs, and thus played a larger
role in saturating the local MET currents. Thus, as a second approximation we weighted the BF
band frequencies in our multi-tone stimulus to a reasonable degree as shown in Fig. 4.1 D (40 dB
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= ⇥16, 50 dB = ⇥10, 60 dB = ⇥8, 70 dB = ⇥5, 80 dB = ⇥3). These weightings were roughly drawn
from the g733 OHC-region motion data (Fig. 3.1 D). With this reasonable adjustment, our model
could predict the sub-BF LCM responses as shown in the gray bold dashed line in Fig. 4.1 B. In
total, non-intuitive behavior can occur in a nonlinear system; for example, when two tones were
sent to the ear (a Boltzmann type nonlinearity), louder tone linearizes the softer tone, so that the
softer tone no longer shows compressive behavior [56, 57]. It was useful to find that in this case
our reasonable and intuitive modification to the input of a Boltzmann function was successful in
predicting the observed compressive output.
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Figure 4.1: A theoretical model representing saturation of the OHC MET currents in the sub-BF band.
A) Single state Boltzmann equation  <?>DC = ⌫/[1 + 4G?( 03( <?8=   G0))]. The parameters were
chosen such that the model predicts our experimentally measured LCM responses to single tone stimulus.
B) Input/output curves of experimentally measured LCM responses with single tones (black solid line,
g728 run10) and multi-tone stimuli (gray solid line, g728 run 11), compared to the LCM results from the
Boltzmann model with single tones (black dashed line), equal 40-tone stimulus (gray dashed line) and with
modified unequal 40-tone stimulus (gray bold dashed line on top of the gray solid line). C) Spectra of the
equal 40-tone stimuli. D) Spectra of the modified unequal 40-tone stimuli. This figure is very similar to that
in our paper published at journal Hearing Research [42].
4.2 Relationship between intra-cochlear motions and LCM
As previously shown in Fig. 3.1, the OHC-region motion responses are boosted in-vivo, and
scale nonlinearly with stimulus level. The OHC-region motion is different from the BM motion,
which is linear and un-boosted (passive) in the sub-BF band. This finding in gerbil was consistent
with other recent measurements in the base of the cochlea (or much of the cochlea in mouse) by
ourselves and others [58, 46, 59, 42, 45]. One possible scenario (Fig. 4.2 possibility 1) for the sub-
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BF nonlinearity observed within the OCC corresponds to the OHC hair bundles being stimulated
by the BM motion, producing transducer current which then produces OHC voltage, causing the
OHCs to move via electromotility (see section 1.4.2), but without injecting power into the traveling
wave. This power injection into the traveling wave is the mechanism that allows the BM wave to
travel robustly to its best-place region, where it slows, grows and peaks [60]. In possibility 1, the
OHC-region motion does not feed back to boost hair bundle motion, and the sub-BF nonlinearity
observed in the OHC-region motion is simply the OHC electro-motile response to the saturating
transducer current and thus saturating LCM. In a less extreme scenario (Fig. 4.2 possibility 2), in
the sub-BF band, the OHC motion feeds back to enhance hair bundle motion, and thus increase
the LCM and OHC electromotility, but without the proper phasing to inject power into the BM
traveling wave.
One way to decide between the two forms of possibility 1 and 2 in Fig. 4.2 is to look quantita-
tively at the saturation. For single tone measurements, in the sub-BF band, saturation of the LCM
and the BM motion occurred at a stimulus level of ⇠ 80 dB SPL. 80 dB SPL corresponds to a
displacement of ⇠ 30-50 nm at the OHC location and of ⇠ 2-10 nm at the BM (Fig. 3.6). Fettiplace
& Kim (2014), found that saturation in OHC current occurred for hair bundle displacements of ⇠
30-50 nm [11] (see Fig. 1.4 C). If OHC hair bundle was being driven by the BM motion (with some
geometric factor between the BM and hair bundle which is assumed less than a factor of 2) (possi-
bility 1), SPLs would have to be larger than 80 dB SPL before OHC responses became saturated.
On the other hand, if OHC hair bundle was being driven by OHC-region motion (possibility 2),
saturation is expected to occur at ⇠ 80 dB SPL. Thus, possibility 2 is supported: in this scenario,
OHC electromotility does feed back to enhance hair bundle motion in the sub-BF band. In further
support of possibility 2, Jia and He (2005) directly observed that OHC electromotility caused hair
bundle motion in a hemicochlea [61].
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Figure 4.2: Diagram of the possibilities for nonlinearity in sub-BF and BF band. In possibility 1 of the sub-
BF band, BM motion is linear and drives OHC stereocilia, producing an OHC electromotile response that is
compressed due to saturation of the OHC MET current. There is no feedback in possibility 1. In possibility
2, the OHC electromotile response does increase OHC stereocilia motion but OHC electromotility is not
phased properly to inject energy into the traveling wave. In the BF band, OHC electromotility is phased
correctly to exert power-injecting forces, and traveling wave amplification is present. This figure is similar
to that in our paper published at journal Hearing Research [42].
Having decided that possibility 2 is supported, and thus OHC electromotility has a positive
feedback on hair bundle motion in the sub-BF band, a question is: In what sense we can justify the
sub-BF nonlinearity as “non-amplifying”?
Firstly, the results showed substantial qualitative and quantitative differences between BF and
sub-BF responses: Both LCM and OHC-region motion had different amplitudes and degrees of
nonlinearity in the different frequency bands; BM motion showed nonlinearity only in the BF
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band.
Secondly, an underlying basis for the transition of OHC-region forcing from “non-amplifying“
to “amplifying” was explained by Dong and Olson (2013) [62]. They simultaneously measured
the LCM phase relative to the BM motion (or pressure at the BM, which has a phase very similar
to the BM displacement) in gerbil and found a phase shift in the LCM relative to the BM motion
that developed at ⇠ 0.7 ⇥ BF, close to where the sub-BF meets the BF band, and a large nonlinear
peak appears in the BM motion frequency responses. Their data analysis, based in known OHC
mechanics, in particular that OHC force is in phase with OHC voltage [63], showed that the phase
shift moved the energetics to a condition where OHCs pump energy into the BM traveling wave at
frequencies above the shift and through the BF peak. Although the present LCM and intra-cochlear
motion measurements in gerbil were not made simultaneously, we had data with similar BFs with
which to do a comparison. Fig. 4.3 compares the LCM and intra-cochlear motion responses in
gerbil. In Fig. 4.3 A & B, the LCM amplitude and phase responses to a multi-tone stimulus (black
lines) were compared to the amplitude and phase of the BM motion (red lines). The x-axis is
plotted normalized to BF. The LCM responses are from g728 (as in Fig. 3.3 B & C) with BF =
25 kHz; the BM motion responses are from g733 (as solid lines in Fig. 3.1 B & C) with BF = 23
kHz. The x-axis is plotted normalized to BF. Fig. 4.3 C & D is the comparison of the LCM and
the BM motion in the same preparations as Fig. 4.3 A & B. Fig. 4.3 E & F is a similar comparison
in the lower BF region. In that case, the LCM responses are from g712, BF =16.5 kHz and for the
BM motion we used published data from Ren et al. (2011), their Fig. 1 D & F, with BF =15.3 kHz
[64]. Ren et al. showed velocity, not displacement, and the phase reference was stapes velocity.
To compare with our data, their BM velocity was replotted as displacement with phase relative to
EC pressure; see Fig. 4.3 caption for details. The amplitude results in Fig. 4.3 A & C & E show
the LCM, the BM and the OHC-region motions peaking at the BF at low SPL. For this discussion,
the most important aspect of the comparison between the LCM and intra-cochlear motions is in
the phase. At the frequency where the LCM amplitude shows a notch, ⇠ 0.7 ⇥ BF, a phase shift
of between 1/4 to 1/2 cycle in the LCM responses relative to the BM and the OHC-region motions
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occurs. When LCM leads the intra-cochlear motions by 1/4 cycle, OHC somatic force leads intra-
cochlear motions by ⇠ 1/4 cycle. Velocity always leads displacement by 1/4 cycle, thus OHC
force is in phase with BM (or OHC) velocity. When velocity and force are in phase, power is
imparted and amplifies the traveling wave. This amplification occurs in the BF band. On the other
hand, in the sub-BF band, the LCM and intra-cochlear motions are approximately in phase, thus,
velocity and OHC somatic force are not in phase: the sub-BF band, and thus sub-BF nonlinearity
is “non-amplifying”. This is the phase shift first noted in [62], and those findings are confirmed
and extended to a cochlear region with lower BF by these results.
Thirdly, a recent experiment using OCT studied suppression of the BM motion and the RL
motion (displacement of the reticular lamina; similar to our OHC region, a region with sub-BF
nonlinearity) with a second tone [65]. In harmony with previous findings, in the sub-BF band, the
BM motion was not affected by the second tone [66]. With the probe frequency near the BF, both
BM and RL motions were maximally suppressed by tones slightly higher in frequency than the BF
probe tone. The authors’ interpretation was that in the BF band the amplification “accumulated” as
the traveling wave reached its peak place, and tones that peaked slightly basal were most effective
in suppressing this accumulating amplification. With the probe tone in the sub-BF band, RL motion
could be suppressed, but the suppression was relatively tightly tuned to frequencies around the
local BF. This is as would be expected by suppression in a simple saturating I/O function, since
the BF responses will be relatively large and thus more suppressive. The authors interpreted this
sub-BF as a local nonlinearity, not involved in the accumulation of amplification. We used a
different terminology as in [65] but the conceptualization is similar: the sub-BF nonlinearity boosts
responses locally, but it is only in the BF band that energy is supplied to the traveling wave,
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Figure 4.3: A) Comparison of normalized amplitudes of LCM in response to multi-tone stimuli (g728 run
10, BF = 25 kHz, black line = 40 dB SPL, black dashed line = 50 dB SPL) to multi-tone BM displacement
(g733 run 27, BF = 23 kHz, red solid line = 40 dB SPL, red dashed line = 50 dB SPL, red dashed/dotted line
= 60 dB SPL). B) Phase of these quantities re: EC pressure. C) Comparison of normalized LCM amplitudes
in response to multi-tone stimuli (g728 run 10, BF = 25 kHz, black line = 40 dB SPL, black dashed line = 50
dB SPL) to multi-tone OHC-region displacement (g733 run 27, BF = 23 kHz, green solid line = 40dB SPL,
green dashed line = 50dB SPL, green dashed/dotted line = 60 dB SPL). D) Phase of these quantities re: EC
pressure. E) Comparison of normalized LCM amplitudes in response to single tone stimuli (g712 run 19,
BF = 16.5 kHz, black dotted line = 30 dB SPL, black solid line = 40 dB SPL & black dashed line = 50 dB
SPL) to single-tone BM displacement derived from BM velocity measured by Ren et al. (2011) (blue solid
line = 40 dB SPL & blue dashed line = 50 dB SPL) [64]). To make the BM velocity measured by Ren et
al comparable to our BM displacement data, velocity magnitudes were divided by 2c ⇥ stimulus frequency
and plotted normalized to the EC pressure. F) Phase of these quantities re: EC pressure. To make the Ren
et al. phase comparable to our BM displacement phase in gerbil, a 25 `s middle ear delay was added to the
Ren et al. data [47] and the phase was shifted by -0.25 cycle so that it represents BM motion.
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4.3 Comparison in cochlear responses between guinea pig and gerbil
In the set of experiments in guinea pig, the goal was to compare our cochlear responses between
these two species and to review the findings in gerbil. In the base of the cochlea in gerbil, we
observed a different pattern of nonlinearity in the amplitudes of the BM motion versus the OHC-
region motion. In particular, robust sub-BF nonlinearity was observed in the OHC-region motions.
Robust sub-BF nonlinearity was also seen in the LCM responses and we concluded that the sub-
BF OHC-region motions were primarily due to wide-band OHC electromotility (section 4.2). The
sub-BF OHC-based activity did not transfer to the BM in the cochlear base. In this section we
discuss our findings in gerbil and guinea pig.
In the BF band, BM motions were similar in the two species. In contrast, the OHC-region
maximal motion gain at 40 dB SPL was twice as large in gerbil than guinea pig, and the motion
⌧ ⌫  in gerbil was on average nine times larger than in guinea pig (section 3.3.4 and Fig. 3.14). A
higher ⌧ ⌫  in the LCM responses was also observed in gerbil versus guinea pig. In the sub-BF
band, BM motion was linear in both species, and nonlinearity was observed in the OHC region
in both species. However, the nonlinear sub-BF OHC-region motion was weaker in guinea pig
and was detected only in four of eight healthy guinea pig cochleae, whereas in gerbil we robustly
observed sub-BF nonlinearity in the OHC-region. The large OHC-region nonlinearity in gerbil is
partly a product of the phenomenon of hyper-compression, in which the size of responses decreases
with increases in sound pressure level. Hyper-compression was barely present in our observations
in guinea pig. Sub-BF nonlinearity in the LCM responses was robustly detected in both species,
and slightly smaller (by a factor of ⇠ 0.7) in guinea pig.
The intra-cochlear motion was probed by considering angle of approach and radial location.
In guinea pig, measurements were made through a cochleostomy, located apically of the RW. The
OCT beam was directed to the OCC in the transverse plane, without a significant longitudinal
component. Because of the small opening there was not a possibility for changing the viewing
angle in an individual preparation, but due to variations in the placement of the cochleostomy,
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the angle varied in different experiments (Fig. 3.8). We predicted that sub-BF nonlinearity would
be present in the OHC-region motion responses when the viewing angle was more in line with the
OHC axis. However, this expectation was not borne out in the measurements (Table 3.2). In gerbil,
we approached the ⇠ 23 kHz BF band by aiming the OCT beam apically through the intact RW
membrane, and thus the direction of the OCT beam was not completely in the transverse plane of
the OCC, and had a substantial longitudinal component. In other cases, we made measurements
in the ⇠ 30 - 40 kHz band, where the optical axis was approximately in the transverse plane. Sub-
BF nonlinearity in the OHC region was robustly present for both these viewing angles in gerbil.
The fact that we observed nonlinear sub-BF OHC motion from different directions in gerbil is
consistent with other studies [46]. They argued that the OHC-region motion in gerbil is elliptical,
with a substantial longitudinal component. The variation with radial location (Fig. 3.9) showed that
sub-BF nonlinearity in or close to the OHC region could emerge with a small variation in radial
location, along with an increase in the size of that motion (GP46). In GP32 sub-BF nonlinearity
in the apparent OHC-region also emerged at the more lateral location, along with (unexpectedly)
a decrease in the size of the motion. In both these examples, the region of sub-BF nonlinearity
was narrow, and in other guinea pig cochleae, radial variations - probed to the extent possible,
given anatomical constraint - did not reveal sub-BF nonlinearity. In gerbil, a robust and readily
detectable "hot spot" region is present where motion is largest, and sub-BF nonlinearity is largest
[42, 46, 45]. In summary, in spite of our efforts with angle and radial variations, the detection of
robust sub-BF nonlinearity was elusive in the guinea pig. Nevertheless, as tabulated in Table 3.2,
at the BF the OHC region moved more than the BM in the healthy guinea pig cochlea.
The differences observed in intra-OCC motion patterns - consistent and vigorous sub-BF non-
linearity in the OHC region of gerbils, and weaker, inconsistent sub-BF nonlinearity in guinea pig,
coupled to lower OHC-region nonlinearity in the BF band - must be rooted in the differences in the
anatomy and physiology of the cochlea of gerbils and guinea pigs. Gerbils are from the muridae
family of rodents, which includes rats and mice, and guinea pigs are a non-murid species [27, 19].
Gerbils are altricial animals whose ears develop substantially after birth [67] while guinea pigs
59
are precocial with functional ears at birth. From the anatomical perspective, despite the fact that
guinea pigs and gerbils have a similar hearing frequency range, the guinea pig cochlea has one turn
more than the gerbil cochlea [49, 23, 68] and the length of the BM is ⇠18mm in guinea pig [69]
versus ⇠11mm in gerbil [24, 25]. Thus, guinea pigs devote more OHCs and a greater length of
cochlear processing to a given frequency range.
The longitudinal variation in BM properties from the base to the apex is not the same between
guinea pigs and gerbils. In guinea pig, the frequency map seems to rely more on macro-scale
anatomical and structural variations: the decrease of the BM stiffness is in line with a mostly
steady increase in the BM width and decrease in the BM thickness from the base to the apex
[48, 69]. In gerbil, the BM width has a sharp increase in the very base beyond which it barely
changes. The BM thickness shows little variation in the base followed by a sharp increase and then
an unchanging thickness [24]. Nevertheless, these BM variations in gerbil result in a consistent
decrease in the BM stiffness from the base to the apex [70, 71, 72]. The unusual arch shape of
the BM in gerbil also differentiates this animal from guinea pig and other species, and has been
proposed to be fundamental to determining the stiffness [73].
In gerbil, a phase shift of LCM versus BM motion has been observed at a frequency below
the BF peak [62]. The shift, probably sourced in the mechanics of the OHC hair bundle and
the TM, would serve to uncouple sub-BF electromotility from the mechanism that amplifies the
BM traveling wave [62, 74]. It is not clear if such a mechanism exists in guinea pig [75], but
based on the smaller size of the sub-BF nonlinearity in guinea pig, there might be less need to
uncouple sub-BF electromotility from the BM in this species. To explore subtle phase differences
between voltage and BM motion and pursue this question in guinea pig requires simultaneous
measurements; these experiments are in the planning stages (see Chapter 5). While the significance
of sub-BF nonlinearity to hearing is not obvious, the way the system manages to exclude it from
basal cochlear BM responses is an interesting and illuminating aspect of cochlear amplification.
In spite of these observed and formerly documented differences, ultimately the BM response
sizes and degrees of nonlinearity in the two species were very similar when observed at the same
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BF (Fig. 3.11). Fig. 3.11 A shows the motion gains and in Fig. 3.9 B the gerbil data has been
shifted vertically by a factor of 4/3 so that the 40 dB SPL data line up in the peak. In this compar-
ison, the guinea pig motion was slightly larger than gerbil, but as tabulated above, there is much
overlap between the two species in this metric. Fig. 3.9 illustrates how nearly indistinguishable
the amplitude responses of the two species is at the level of BM motion. The &103⌫ values were
slightly higher in gerbil than guinea pig. One explanation for the larger &103⌫ in gerbil could be
because the gerbil motion measurements were obtained from locations with slightly higher BF.
We observed a positive correlation between &103⌫ values and the BF within each species (Fig. 3.9
C), consistent with previous measurements from auditory nerve fibers in gerbil [51, 52]. When
comparing the same BF between species the &103⌫ of single nerve fibers showed no substantial
differences in the high frequency band [52, 53].
4.4 Summary of Discussion
In gerbil experiments, we compared the intra-cochlear motions and the electrophysiological
LCM responses to single and multi-tone stimuli in the base of the cochlea. i) a large nonlinear
peak was observed in both LCM and intra-cochlear motions in the BF band in response to both
types of stimuli (Figs. 3.1 & 3.7). ii) a strong similarity between the LCM and the OHC-region
motion responses was found, suggesting that the OHC-region motion is primarily due to OHC
electromotility-derived motion (Fig. 4.1). iii) a larger compressive nonlinearity was seen in the
LCM and the OHC-region motion responses to multi-tone than to single tone stimuli (Figs. 3.1 &
3.7) and iv) a common theoretical model based on the relationship between OHC MET current and
hair bundle displacement was used to predict the multi-tone LCM I/O curves (input = EC pressure,
output = LCM gains) from the experimentally measured LCM responses (section 4.1). Our ob-
servation that the OHC-region motion is much greater than the BM motion at low-moderate SPL
(Figs. 3.1 & 3.7), the OHC-region motion falls beneath the BM motion at high SPL (Fig. 3.12), and
observations of large reduction in sub-BF OHC-region motion post- mortem even at high SPL [45,
58] support our interpretation that the sub-BF OHC-region nonlinearity is due to electromotility.
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The relationship of the phase between the LCM and the BM motion in gerbil (Fig. 4.3) in
previous findings showed a phase shift that occurs at a frequency separating BF and sub-BF bands
[62]. Applying known OHC electro-mechanics, the BF-band phasing is as needed for OHC energy
input into the cochlear traveling wave. Finally, recent suppression experiments [65] showed that
only BF-band nonlinearity contributes to the accumulation of amplification. Taken together, these
findings support a conceptual division in which the sub-BF nonlinearity is non-amplifying and the
BF-band nonlinearity is amplifying.
In the guinea pig study, we measured the intra-cochlear motions and the LCM responses in
the base of the cochlea in guinea pig. We performed the guinea pig experiments under the same
experimental conditions as gerbil. Considering angle of approach and radial location, we observed
a lower degree of nonlinearity in guinea pig than gerbil and a qualitative difference in sub-BF
motions ((Fig. 3.14). These physiological differences, and the macro-scale anatomical differences
between the two species, suggest that although basic similarities are present, on a more subtle level
these animals may have devised different ways to produce the cochlear frequency map and sharp
frequency tuning.
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Chapter 5: Conclusion and future work
5.1 Conclusion
The inner ear auditory organ, the cochlea, has a fascinating sensitivity, the ability to distin-
guish different frequencies (frequency selectivity) and a large dynamic range. Sensitivity means
detection of the amplitude of the sound (how loud the sound is). When hearing sensitivity is
lost/ impaired, one cannot hear the quiet sounds. Hearing aids are typically a good solution for
someone who has lost their hearing sensitivity. The frequency selectivity is different from the sen-
sitivity. Frequency selectivity of the cochlea defines the resolution/quality of our hearing. Without
the frequency selectivity, we cannot have a normal conversation at a bar with background music
(Fig. 5.1). Presbycusis, or age-related hearing loss, is one of the common hearing problems that
is associated with loss of frequency selectivity. The dynamic range the range of sound amplitudes
that are detectable but not painful. It is a factor of ⇠ 30000 (0 - 90 dB). Plot of sensitivity versus the
sound frequency is called an audiogram. The audiograms of six mammals were shown in Fig. 1.5.
The sensitivity and frequency selectivity of the cochlea is derived from a phenomenon called
cochlear amplification. Cochlear amplification is a phase-sensitive feedback control system be-
tween the BM motion and the OHCs. The OHC transducer current, and consequently the LCM
is motion-dependent and the mechanical feedback from the OHC is voltage-dependent. In the
present thesis, the motion of the BM, the OHC-region and the OHC-generated LCM responses
were measured in gerbil and guinea pig in order to explore mechanisms of cochlear amplifica-
tion and frequency selectivity. We found both similarities and differences in the responses of the
two species; the differences suggested that these two species might have a different mechanism to
achieve frequency selectivity.
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Figure 5.1: Top row: In a healthy ear with healthy outer hair cells (OHCs), the word "hello" is accurately
perceived by the brain as "hello". Bottom row: In an ear with damaged/no OHCs, frequencies are not
properly distinguished, as a result, the word "hello" is perceived weaker and distorted (e.g. as another word
like "mee-yoo").
The frequency selectivity of the cochlea at one location along the longitudinal axis is due to a
clean separation of a large compressive amplification of the BM motion in response to its BF and
the neighboring frequencies (BF band) from the linear responses to the frequencies below the BF
(sub-BF band) - see Fig. 1.3. As mentioned above, this clean frequency separation is critical for
hearing and is known to be derived from the OHCs electromotility.
5.2 Future work
Observation of a broadband nonlinearity in the OHC-region mechanical motion responses and
the electrophysiological LCM responses - but not in the BM motions - in guinea pig and gerbil has
raised more questions than answered. In order to have a comprehensive perspective for the mech-
anism of the cochlear frequency selectivity, the differences and similarities seen in the cochlear
nonlinearity in guinea pig and gerbil can be explored in other species. The intra-cochlear motion
responses to single tones has been measured in mouse [76, 65], the BM motion, but not the mo-
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tion of the layers close to the OHCs, has been measured in chinchilla and cat [66, 77, 78, 79].
One potential future work is to compare the intra-cochlear motion results (especially in the OHC-
region) in this thesis to the intra-cochlear motion responses in mouse or chinchilla in response to
multi-tone stimuli. A more comprehensive comparison gives a better understanding of cochlear
amplification and frequency selectivity.
One other opportunity for future work is to measure the intra-cochlear motion and LCM re-
sponses simultaneously. In the current study, the cochlear responses were measured at separate
time (and mostly in separate animals). Inspired by the dual voltage-pressure micro-sensor de-
signed by Dong & Olson [62], a dual OCT-voltage probe can simultaneously measure the LCM
and intra-cochlear motions. Initial steps for this future work have been done by my former col-
league Dr. Nathan Lin and me. More detail is discussed in Appendix A.
Simultaneous measurement of the intra-cochlear motion and the electrophysiological LCM
responses has several advantages. First, it assures us that the cochlear responses are measured
from the exact same OHCs in the cochlea, thus, we can compare the phase of the intra-cochlear
motion responses and the LCM phase more quantitatively. As mentioned in section 4.2, we did
the phase comparison between the intra-cochlear motion and LCM responses in gerbil (Fig. 4.3),
however, the cochlear responses were obtained from separate animals and sometimes from slightly
different longitudinal region.
The other benefit of simultaneous intra-cochlear motion/LCM measurement is the reduction in
the potential variation across animals within the same species. Although we tried to minimize the
variations in the surgical conditions, it was not possible to avoid the variations in animal anatomy,
condition, time of data acquisition, etc. With simultaneous measurements these variations in one
cochlea can be reduced. In addition, by doing two measurements together, a lower number of
animals is expected to be necessary to obtain robust results.
65
References
[1] Y. Wang, “The sensitivity of the cochlear amplifier to changes in operating conditions,”
Ph.D. dissertation, Columbia University, 2019.
[2] G. von Békésy and W. T. Peake, Experiments in hearing. Acoustical Society of America,
1990.
[3] H. Davis, “An active process in cochlear mechanics,” Hearing Research, vol. 9, no. 1,
pp. 79–90, 1983.
[4] T. Gold, “Hearing. II. the physical basis of the action of the cochlea,”
Proceedings of the Royal Society of London. Series B-Biological Sciences, vol. 135,
no. 881, pp. 492–498, 1948.
[5] J. L. Goldstein and N. Y. Kiang, “Neural correlates of the aural combination tone 2f1-f2,”
Proceedings of the IEEE, vol. 56, no. 6, pp. 981–992, 1968.
[6] W. S. Rhode, “Observations of the vibration of the basilar membrane in squirrel monkeys
using the Mössbauer technique,” The Journal of the Acoustical Society of America, vol. 49,
no. 4B, pp. 1218–1231, 1971.
[7] D. T. Kemp, “Stimulated acoustic emissions from within the human auditory system,”
The Journal of the Acoustical Society of America, vol. 64, no. 5, pp. 1386–1391, 1978.
[8] J. Pickles, S. Comis, and M. Osborne, “Cross-links between stereocilia in the guinea pig or-
gan of corti, and their possible relation to sensory transduction,” Hearing Research, vol. 15,
no. 2, pp. 103–112, 1984.
[9] M. Zidanic and W. E. Brownell, “Fine structure of the intracochlear potential field. i. the
silent current,” Biophysical Journal, vol. 57, no. 6, pp. 1253–1268, 1990.
[10] D. Corey and A. Hudspeth, “Ionic basis of the receptor potential in a vertebrate hair cell,”
Nature, vol. 281, no. 5733, pp. 675–677, 1979.
[11] R. Fettiplace and K. X. Kim, “The physiology of mechanoelectrical transduction channels
in hearing,” Physiological Reviews, vol. 94, no. 3, pp. 951–986, 2014.
[12] J Santos-Sacchi, “Harmonics of outer hair cell motility,” Biophysical Journal, vol. 65, no. 5,
pp. 2217–2227, 1993.
66
[13] C. D. Geisler, G. K. Yates, R. B. Patuzzi, and B. M. Johnstone, “Saturation of outer hair cell
receptor currents causes two-tone suppression,” Hearing Research, vol. 44, no. 2-3, pp. 241–
256, 1990.
[14] W. E. Brownell, C. R. Bader, D. Bertrand, and Y. De Ribaupierre, “Evoked mechanical
responses of isolated cochlear outer hair cells,” Science, vol. 227, no. 4683, pp. 194–196,
1985.
[15] J. Zheng, W. Shen, D. Z. He, K. B. Long, L. D. Madison, and P. Dallos, “Prestin is the motor
protein of cochlear outer hair cells,” Nature, vol. 405, no. 6783, pp. 149–155, 2000.
[16] G. Frank, W. Hemmert, and A. W. Gummer, “Limiting dynamics
of high-frequency electromechanical transduction of outer hair cells,”
Proceedings of the National Academy of Sciences, vol. 96, no. 8, pp. 4420–4425, 1999.
[17] J. Santos-Sacchi and W. Tan, “The frequency response of outer hair cell voltage-dependent
motility is limited by kinetics of prestin,” Journal of Neuroscience, vol. 38, no. 24, pp. 5495–
5506, 2018.
[18] J. Santos-Sacchi, K. H. Iwasa, and W. Tan, “Outer hair cell electromotility is low-pass fil-
tered relative to the molecular conformational changes that produce nonlinear capacitance,”
Journal of General Physiology, vol. 151, no. 12, pp. 1369–1385, 2019.
[19] M. Vater and M. Kössl, “Comparative aspects of cochlear functional organization in mam-
mals,” Hearing Research, vol. 273, no. 1-2, pp. 89–99, 2011.
[20] M. M. Henson, “Unusual nerve-fiber distribution in the cochlea of the bat pteronotus p. par-
nellii (gray),” The Journal of the Acoustical Society of America, vol. 53, no. 6, pp. 1739–
1740, 1973.
[21] M. Henson, O. Henson Jr, and D. Jenkins, “The cochlea of the bat, pteronotus p. parnellii,”
The Journal of the Acoustical Society of America, vol. 62, no. S1, S85–S85, 1977.
[22] M. Thorne, A. N. Salt, J. E. DeMott, M. M. Henson, O. Henson Jr, and S. L. Gewalt,
“Cochlear fluid space dimensions for six species derived from reconstructions of three-
dimensional magnetic resonance images,” The Laryngoscope, vol. 109, no. 10, pp. 1661–
1668, 1999.
[23] R. R. Fay and L. A. Wilber, Hearing in vertebrates: a psychophysics databook. Acoustical
Society of America, 1989.
[24] W. Plassmann, W Peetz, and M Schmidt, “The cochlea in gerbilline rodents,”
Brain, Behavior and Evolution, vol. 30, no. 1-2, pp. 82–102, 1987.
67
[25] M. Müller, “The cochlear place-frequency map of the adult and developing mongolian ger-
bil,” Hearing Research, vol. 94, no. 1-2, pp. 148–156, 1996.
[26] D. D. Greenwood, “A cochlear frequency-position function for several species—29 years
later,” The Journal of the Acoustical Society of America, vol. 87, no. 6, pp. 2592–2605,
1990.
[27] A. Reyes, C. Gissi, G. Pesole, F. M. Catzeflis, and C. Saccone, “Where do ro-
dents fit? evidence from the complete mitochondrial genome of sciurus vulgaris,”
Molecular Biology and Evolution, vol. 17, no. 6, pp. 979–983, 2000.
[28] H. Dunn and S. White, “Statistical measurements on conversational speech,”
The Journal of the Acoustical Society of America, vol. 11, no. 3, pp. 278–288, 1940.
[29] H. Von Gierke and D Ward, “Criteria for noise and vibration exposure,”
Handbook of Acoustical Measurements and Noise Control, 1991.
[30] G. R. Long and H.-U. Schnitzler, “Behavioural audiograms from the bat, rhinolophus fer-
rumequinum,” Journal of Comparative Physiology, vol. 100, no. 3, pp. 211–219, 1975.
[31] R. S. Heffner and H. E. Heffner, “Hearing in the elephant (elephas max-
imus): Absolute sensitivity, frequency discrimination, and sound localization.,”
Journal of Comparative and Physiological Psychology, vol. 96, no. 6, p. 926, 1982.
[32] ——, “Hearing and sound localization in blind mole rats (spalax ehrenbergi),”
Hearing Research, vol. 62, no. 2, pp. 206–216, 1992.
[33] G. W. Burwood, A. Fridberger, R. K. Wang, and A. L. Nuttall, “Revealing the morphol-
ogy and function of the cochlea and middle ear with optical coherence tomography,”
Quantitative imaging in medicine and surgery, vol. 9, no. 5, p. 858, 2019.
[34] B. J.-F. Wong, J. F. de Boer, B. H. Park, Z. Chen, and J. S. Nelson, “Optical coherence
tomography of the rat cochlea,” Journal of Biomedical Optics, vol. 5, no. 4, pp. 367–370,
2000.
[35] B. J. Wong, Y. Zhao, M. Yamaguchi, N. Nassif, Z. Chen, and J. F. D. Boer, “Imaging the
internal structure of the rat cochlea using optical coherence tomography at 0.827 `m and
1.3 `m,” Otolaryngology–Head and Neck Surgery, vol. 130, no. 3, pp. 334–338, 2004.
[36] M. K. Yamaguchi, J. F. de Boer, B. H. Park, N. Nassif, Y. Zhao,
Z. Chen, and B. J.-F. Wong, “Imaging the internal structure of the
guinea pig cochlea using optical coherence tomography at 1310 nm,” in
Lasers in Surgery: Advanced Characterization, Therapeutics, and Systems XI, Interna-
tional Society for Optics and Photonics, vol. 4244, 2001, pp. 372–378.
68
[37] F. Chen, D. Zha, A. Fridberger, J. Zheng, N. Choudhury, S. L. Jacques, R. K. Wang, X.
Shi, and A. L. Nuttall, “A differentially amplified motion in the ear for near-threshold sound
detection,” Nature Neuroscience, vol. 14, no. 6, p. 770, 2011.
[38] N. C. Lin, “Fiber-optic probe and bulk-optics spectral domain optical coherence tomogra-
phy systems for in vivo cochlear mechanics measurements,” Ph.D. dissertation, Columbia
University, 2019.
[39] N. C. Lin, C. P. Hendon, and E. S. Olson, “Signal competition in op-
tical coherence tomography and its relevance for cochlear vibrometry,”
The Journal of the Acoustical Society of America, vol. 141, no. 1, pp. 395–405, 2017.
[40] N. C. Lin, C. E. Strimbu, C. P. Hendon, and E. S. Olson, “Adapting a commercial spectral
domain optical coherence tomography system for time-locked displacement and physiolog-
ical measurements,” in AIP Conference Proceedings, AIP Publishing LLC, vol. 1965, 2018,
p. 080 004.
[41] S. Raufer, J. J. Guinan, and H. H. Nakajima, “Cochlear partition anatomy
and motion in humans differ from the classic view of mammals,”
Proceedings of the National Academy of Sciences, vol. 116, no. 28, pp. 13 977–13 982,
2019.
[42] E. Fallah, C. E. Strimbu, and E. S. Olson, “Nonlinearity and amplification in cochlear re-
sponses to single and multi-tone stimuli,” Hearing Research, vol. 377, pp. 271–281, 2019.
[43] L. Robles and M. A. Ruggero, “Mechanics of the mammalian cochlea,”
Physiological Reviews, vol. 81, no. 3, pp. 1305–1352, 2001.
[44] T. Ren and A. L. Nuttall, “Basilar membrane vibration in the basal turn of the sensitive
gerbil cochlea,” Hearing Research, vol. 151, no. 1-2, pp. 48–60, 2001.
[45] C. E. Strimbu, Y. Wang, and E. S. Olson, “Amplification lags nonlinearity in the recovery
from reduced endocochlear potential,” bioRxiv, 2020.
[46] N. P. Cooper, A. Vavakou, and M. van der Heijden, “Vibration hotspots reveal longitudinal
funneling of sound-evoked motion in the mammalian cochlea,” Nature Communications,
vol. 9, no. 1, pp. 1–12, 2018.
[47] E. S. Olson, “Observing middle and inner ear mechanics with novel intracochlear pressure
sensors,” The Journal of the Acoustical Society of America, vol. 103, no. 6, pp. 3445–3463,
1998.
[48] C. Fernández, “Dimensions of the cochlea (guinea pig),”
The Journal of the Acoustical Society of America, vol. 24, no. 5, pp. 519–523, 1952.
69
[49] I. U. Teudt and C.-P. Richter, “The hemicochlea preparation of the guinea pig and other
mammalian cochleae,” Journal of Neuroscience Methods, vol. 162, no. 1-2, pp. 187–197,
2007.
[50] C. P. Versteegh and M. van der Heijden, “Basilar membrane responses
to tones and tone complexes: Nonlinear effects of stimulus intensity,”
Journal of the Association for Research in Otolaryngology, vol. 13, no. 6, pp. 785–
798, 2012.
[51] M. van der Heijden and P. X. Joris, “Cochlear phase and amplitude retrieved from the au-
ditory nerve at arbitrary frequencies,” Journal of Neuroscience, vol. 23, no. 27, pp. 9194–
9198, 2003.
[52] K. Ohlemiller and S. Echteler, “Functional correlates of characteristic frequency in sin-
gle cochlear nerve fibers of the mongolian gerbil,” Journal of Comparative Physiology A,
vol. 167, no. 3, pp. 329–338, 1990.
[53] D. Robertson and G. A. Manley, “Manipulation of frequency analysis in the cochlear gan-
glion of the guinea pig,” Journal of Comparative Physiology, vol. 91, no. 4, pp. 363–375,
1974.
[54] E. S. Olson and C. E. Strimbu, “Cochlear mechanics: New insights from vibrometry and
optical coherence tomography,” Current Opinion in Physiology, 2020.
[55] J. S. Oghalai, “The cochlear amplifier: Augmentation of the traveling wave within the inner
ear,” Current Opinion in Otolaryngology & Head and Neck Surgery, vol. 12, no. 5, p. 431,
2004.
[56] P. Fahey, B. Stagner, B. Lonsbury-Martin, and G. Martin, “Nonlinear in-
teractions that could explain distortion product interference response areas,”
The Journal of the Acoustical Society of America, vol. 108, no. 4, pp. 1786–1802,
2000.
[57] W. Dong and E. S. Olson, “Two-tone suppression of simultaneous electrical and mechanical
responses in the cochlea,” Biophysical Journal, vol. 111, no. 8, pp. 1805–1815, 2016.
[58] W. He, D. Kemp, and T. Ren, “Timing of the reticular lamina and basilar membrane vibra-
tion in living gerbil cochleae,” Elife, vol. 7, e37625, 2018.
[59] H. Y. Lee, P. D. Raphael, A. Xia, J. Kim, N. Grillet, B. E. Applegate, A. K. E. Bowden, and
J. S. Oghalai, “Two-dimensional cochlear micromechanics measured in vivo demonstrate
radial tuning within the mouse organ of corti,” Journal of Neuroscience, vol. 36, no. 31,
pp. 8160–8173, 2016.
70
[60] E. De Boer and A. L. Nuttall, “The mechanical waveform of the basilar membrane. iii. inten-
sity effects,” The Journal of the Acoustical Society of America, vol. 107, no. 3, pp. 1497–
1507, 2000.
[61] S. Jia and D. Z. He, “Motility-associated hair-bundle motion in mammalian outer hair cells,”
Nature Neuroscience, vol. 8, no. 8, pp. 1028–1034, 2005.
[62] W. Dong and E. S. Olson, “Detection of cochlear amplification and its activation,”
Biophysical Journal, vol. 105, no. 4, pp. 1067–1078, 2013.
[63] G. Frank, W. Hemmert, and A. W. Gummer, “Limiting dynamics
of high-frequency electromechanical transduction of outer hair cells,”
Proceedings of the National Academy of Sciences, vol. 96, no. 8, pp. 4420–4425, 1999.
[64] T. Ren, W. He, and E. Porsov, “Localization of the cochlear amplifier in living sensitive
ears,” PLoS One, vol. 6, no. 5, e20149, 2011.
[65] J. B. Dewey, B. E. Applegate, and J. S. Oghalai, “Amplification and suppression of travel-
ing waves along the mouse organ of corti: Evidence for spatial variation in the longitudi-
nal coupling of outer hair cell-generated forces,” Journal of Neuroscience, vol. 39, no. 10,
pp. 1805–1816, 2019.
[66] W. S. Rhode, “Basilar membrane mechanics in the 6–9 khz region of sensitive chinchilla
cochleae,” The Journal of the Acoustical Society of America, vol. 121, no. 5, pp. 2792–
2804, 2007.
[67] E. Arjmand, D. Harris, and P. Dallos, “Developmental changes in frequency mapping of
the gerbil cochlea: Comparison of two cochlear locations,” Hearing research, vol. 32, no. 1,
pp. 93–96, 1988.
[68] R. Edge, B. Evans, M Pearce, C.-P. Richter, X Hu, and P Dallos, “Morphology of the unfixed
cochlea,” Hearing Research, vol. 124, no. 1-2, pp. 1–16, 1998.
[69] H. Wada, M. Sugawara, T. Kobayashi, K. Hozawa, and T. Takasaka, “Measurement of
guinea pig basilar membrane using computer-aided three-dimensional reconstruction sys-
tem,” Hearing Research, vol. 120, no. 1-2, pp. 1–6, 1998.
[70] G. Emadi, C.-P. Richter, and P. Dallos, “Stiffness of the gerbil basilar membrane: Radial and
longitudinal variations,” Journal of Neurophysiology, vol. 91, no. 1, pp. 474–488, 2004.
[71] R. C. Naidu and D. C. Mountain, “Measurements of the stiffness map challenge a basic tenet
of cochlear theories,” Hearing Research, vol. 124, no. 1-2, pp. 124–131, 1998.
[72] C.-P. Richter, G. Emadi, G. Getnick, A. Quesnel, and P. Dallos, “Tectorial membrane stiff-
ness gradients,” Biophysical Journal, vol. 93, no. 6, pp. 2265–2276, 2007.
71
[73] S. Kapuria, C. R. Steele, and S. Puria, “Unraveling the mystery of hearing in gerbil and
other rodents with an arch-beam model of the basilar membrane,” Scientific Reports, vol. 7,
no. 1, pp. 1–10, 2017.
[74] A. Nankali, Y. Wang, C. E. Strimbu, E. S. Olson, and K. Grosh, “A role for tectorial mem-
brane mechanics in activating the cochlear amplifier,” Scientific Reports, vol. 10, no. 1,
pp. 1–15, 2020.
[75] A. Fridberger, J. B. De Monvel, J. Zheng, N. Hu, Y. Zou, T. Ren, and A. Nuttall, “Organ of
corti potentials and the motion of the basilar membrane,” Journal of Neuroscience, vol. 24,
no. 45, pp. 10 057–10 063, 2004.
[76] T. Ren, W. He, and D. Kemp, “Reticular lamina and basilar membrane vibrations in liv-
ing mouse cochleae,” Proceedings of the National Academy of Sciences, vol. 113, no. 35,
pp. 9910–9915, 2016.
[77] M. A. Ruggero, N. C. Rich, A. Recio, S. S. Narayan, and L. Robles,
“Basilar-membrane responses to tones at the base of the chinchilla cochlea,”
The Journal of the Acoustical Society of America, vol. 101, no. 4, pp. 2151–2163,
1997.
[78] S. M. Khanna and D. G. Leonard, “Basilar membrane tuning in the cat cochlea,” Science,
vol. 215, no. 4530, pp. 305–306, 1982.
[79] N. P. Cooper and W. S. Rhode, “Basilar membrane mechanics in the hook region of cat
and guinea-pig cochleae: Sharp tuning and nonlinearity in the absence of baseline position
shifts,” Hearing Research, vol. 63, no. 1-2, pp. 163–190, 1992.
[80] Y. Qiu, Y. Wang, Y. Xu, N. Chandra, J. Haorah, B. Hubbi, B. J. Pfister, and X. Liu, “Quanti-
tative optical coherence elastography based on fiber-optic probe for in situ measurement of
tissue mechanical properties,” Biomedical Optics Express, vol. 7, no. 2, pp. 688–700, 2016.
[81] S. S. Gurbani, P. Wilkening, M. Zhao, B. Gonenc, G. W. Cheon, I. I. Iordachita, W. W.
Chien, R. H. Taylor, J. K. Niparko, and J. U. Kang, “Robot-assisted three-dimensional reg-
istration for cochlear implant surgery using a common-path swept-source optical coherence
tomography probe,” Journal of Biomedical Optics, vol. 19, no. 5, p. 057 004, 2014.
[82] N. C. Lin, E. Fallah, C. E. Strimbu, C. P. Hendon, and E. S. Olson, “Scanning optical coher-
ence tomography probe for in vivo imaging and displacement measurements in the cochlea,”
Biomedical Optics Express, vol. 10, no. 2, pp. 1032–1043, 2019.
[83] Y. Wang, E. Fallah, and E. S. Olson, “Adaptation of cochlear amplification to low endo-
cochlear potential,” Biophysical Journal, vol. 116, no. 9, pp. 1769–1786, 2019.
72
[84] M. Milazzo, E. Fallah, M. Carapezza, N. S. Kumar, J. H. Lei, and E. S. Olson, “The path of
a click stimulus from ear canal to umbo,” Hearing Research, vol. 346, pp. 1–13, 2017.
73
Appendix A: OCT Probe for in-vivo Imaging and Motion Measurements in
the Cochlea
The content in the appendices A, B and C are summaries of work in which I contributed as the
second author. Full papers are shown in appendix D.
The content of this section was published in the peer-reviewed journal article:
Lin, N. C., Fallah, E., Strimbu, C. E., Hendon, C. P., & Olson, E. S. (2019). Scanning optical coherence
tomography probe for in vivo imaging and displacement measurements in the cochlea. Biomedical optics
express, 10(2), 1032-1043.
A.1 Probe design
For this work, my former colleague, Dr. Nathan Lin and I designed a fiber optic SD - OCT
micro probe that connects to our Telesto system. This probe is not the first OCT-based probe ever
designed. Fiber optic OCT probes have been made for measuring tissue characteristics (to detect
specific pathologies, such as tumors and cardiac plaque) in Optical Coherence Elastography (OAE)
[80]. Other OCT-based rotating probes also used in the cochlea for circumferential imaging [81].
However, the probe we designed is the first one that can both image and measure vibrations in the
cochlea.
In order to focus the light beam, a micro Graded Index (GRIN) fiber lens (width of ⇠ 140 `m
and ⇠ 0.5 mm in length) was fused to a single mode fiber (SMF-28). The fabrication was done at
WT&T Inc, Canada. The microscope image of the GRIN lens is shown in Fig. A.1B. The beam
diameter of 11 & 12 `m in the x and y-axes respectively was measured by the manufacturer. For
the intra-cochlear motion measurements, we need a two (or ideally three) dimensional image to
locate the OCC structures. We incorporated a piezo electric holder that can scan up to ⇠ 400 `m
74
along the radial axis of the cochlea (the radial scan using our Telesto system was 1 mm). Fig. A.1A
shows a photograph of the probe on the piezoelectric bender. In order to optimize the image (B-
scan) quality, we used an external reference arm consisting of a polarization controller, collimator,
iris diaphragm, and a retro-reflector. The imaging setup is called the non-common path. For the
motion measurements, a common path setup is used, where the reference beam is collected from
the reflection from the probe/fluid interface (Fig. A.2).
Figure A.1: A) Photograph of the head of the probe on the piezoelectric bender. B) Microscope image of
the probe. C) Probe insertion schematic for the in vivo experiments. This figure is adapted from our paper
previously published at journal Biomedical Optic Express [82, 38].
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Figure A.2: SD - OCT probe configurations: Common-path for displacement measurements and non-
common path for imaging. Non-common path optical setup for imaging uses an external reference arm
containing a polarization controller, collimator, iris diaphragm, and a retro-reflector. This configuration al-
lows for fine-tuning of the reference beam intensity through changing the size of the iris diaphragm or the
angle of the retro-reflector. This figure is reprinted from our paper previously published at journal Biomed-
ical Optic Express [82].
A.2 In-vivo motion measurements with the SD-OCT probe
We have used our OCT probe to image and measure intra-cochlear motions in two live gerbil
cochleae. The surgical procedure was similar to section 2.1.1. First, the intra-cochlear motion
responses measured with the Telesto OCT machine, then the OCT probe was placed on top of the
RW membrane. We tried to maintain the OCT beam angle and radial location consistent between
our Telesto and probe measurements. However, small difference (up to ⇠ 50 `m) in the lateral
location of the A-scan recordings was observed (Fig. A.3 B top panels) .
The top image in Fig. A.3 A shows the B-scan image that the OCT probe acquired with initial
lateral scanning of ⇠ 400 `m. The lateral scanning range was then decreased (the bottom image
in Fig. A.3 A). The angle of the probe can also be changed by changing the DC voltage applied
to the piezo electric holder. Ultimately, the probe was stopped at a desired location and motion
measurements were collected along the red dashed line in Fig. A.3 A. The corresponding depth
profile of A-scan is shown in the inset in Fig. A.3 A. Fig. A.3 B shows the B-scan of the OCC
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in a gerbil cochlea taken with the Telesto OCT system. The Telesto and probe’s relative beam
positions are plotted in the dotted lines (red dotted line = probe beam position, blue dotted line =
Telesto beam position). The amplitude of the Intra-cochlear motion responses normalized to the
stapes motion and the motion phase responses referenced to the EC pressure to 60 and 70 dB SPL
are shown in bottom panels in Fig. A.3 B. The amplitude difference in the intra-cochlear motion
responses measured by Telesto and the probe could be due to the difference in the radial and axial
acquisition positions.
The future plan of this OCT probe is 1) to improve its image quality by proper adjustment in
the design configuration, 2) to increase the signal to noise ratio (SNR) of the motion responses.
And 3) to attach a voltage micro-electrode to the probe to acquire simultaneous LCM and intra-
cochlear responses. As mentioned in previous chapters, simultaneous voltage/motion acquisition
in the cochlea is highly desired in the field of cochlear mechanics.
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Figure A.3: A) The B-scan of the OCC in gerbil cochlea taken with the Telesto OCT system. The RW
membrane is at 540 `m, and the OC is at 600-800 `m. The bench-top and probe SDOCT were measured
at the same location for motion comparison. The Telesto and probe’s relative beam positions are plotted in
the dotted lines, based on their measured A-scans shown on the sides of the B-scan image. The A-scans
on the left and right are positioned vertically to coincide with the structures in the B-scan. B) Normalized
motion of the OCC structures (amplitude normalized to the stapes motion) and the phases (referenced to the
EC pressure) measured by Telesto (black curves) and the OCT probe (gray curves). This figure is reprinted
from our paper previously published at journal Biomedical Optic Express[82].
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Appendix B: Adaptation of Cochlear Amplification to Low Endocochlear
Potential
The content of this section was published in the peer-reviewed journal article:
Wang, Y., Fallah, E., & Olson, E. S. (2019). Adaptation of cochlear amplification to low endocochlear
potential. Biophysical Journal, 116(9), 1769-1786.
B.1 Abstract
Endocochlear potential (EP) is essential for cochlear amplification by providing the voltage
source needed to drive OHC MET current, which leads to OHC electromechanical force. An
early study using furosemide to reversibly reduce EP showed that DPOAEs recovered before EP.
This indicated that cochlear amplification may be able to adjust to a new, lower EP. To investi-
gate the mechanism of this adjustment, the electrophysiological LCM responses were measured
simultaneously with DPOAE and EP while using intraperitoneal (IP) and intravenous injection of
furosemide to reversibly reduce EP. With IP injection, the DPOAEs recovered fully, whereas the
EP was reduced, and LCM recovery showed a similar time course as EP and neither showed full
recovery. Thus, the DPOAEs failed to accurately report the variation of cochlear amplification.
With intravenous injection, for which both reduction and recovery of EP are known to occur rel-
atively quickly compared to IP, the cochlear amplification observed in LCM could attain nearly
full or even full recovery with reduced EP (Fig. B.1). This showed the cochlea has an ability to
adjust to diminished operating condition. Furthermore, the cochlear amplifier and EP recovered
with different time courses: cochlear amplification just started to recover after the EP was nearly
fully recovered and stabilized. Using a Boltzmann model of mechano-electric transduction (MET)
and the second harmonic of the LCM to estimate the OHC MET channel operating point, we found
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that the recovery of cochlear amplification occurred with re-centering of the operating point [83].
Figure B.1: EP and LCM variation after 100 mg/kg furosemide IV injection in gerbil. A) EP variation in time
is shown. Red stars show the times that frequency responses (panels in B) were measured. B) The amplitude
and phase of LCM in response to 30, 45, 65, and 85 dB SPL stimuli at the local BF is shown. Amplitudes are
normalized by ECP. The green dashed line at 1 is a guide for the eye to compare the magnitude at different
times. Furosemide was injected at 0 min. This figure is reprinted from our paper previously published at
journal Biophysical Journal[83].
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Appendix C: The Path of a Click Stimulus from Ear Canal to Umbo
The content of this section was published in the peer-reviewed journal article:
Milazzo, M., Fallah, E., Carapezza, M., Kumar, N. S., Lei, J. H., & Olson, E. S. (2017). The path of a
click stimulus from ear canal to umbo. Hearing research, 346, 1-13.
C.1 Abstract
The eardrum (tympanic membrane) has a key role in transmitting sounds to the inner ear,
but a concise description of how the eardrum performs this function remains elusive. This paper
probes ear drum operation by applying a free field click stimulus to the gerbil ear and exploring
the consequent motions of the eardrum and umbo. Motions of the eardrum were measured both
on radial tracks starting close to the umbo and on a grid distal and adjacent to the umbo. The
experimental results confirmed the high fidelity of sound transmission from the EC to the umbo.
A delay of 5 - 15 `s was seen in the onset of the eardrum motion between points just adjacent to
the umbo and mid-radial points (  in Fig. C.1). The eardrum responded with a ringing motion,
with different locations possessing different primary ringing frequencies (Figs. C.1 & C.2). A
simple analytic model from the literature, treating the eardrum as a string, was used to explore the
experimental results. The click-based experiments and analysis led to the following description of
ear drum operation: A transient sound pressure on the eardrum causes a transient initial motion
that is maximal ⇠ at the eardrum’s radial midpoints. Mechanical forces generated by this initial
prominent eardrum distortion then pull the umbo inward, leading to a delayed umbo response. The
initial eardrum deformation also gives rise to prolonged mechanical ringing on the eardrum that
does not result in significant umbo motion, likely due to destructive interference from the range
of ringing frequencies. Thus, the umbo’s response is a high-fidelity representation of the transient
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stimulus. Because any sound can be considered as a consecutive series of clicks, this description
is applicable to any sound stimulus [84].
Figure C.1: TM velocity measurements at 32 locations along a straight radial line, with a point close to the
umbo as center. A) A diagram of the eardrum and the measurement tracks. B) The umbo and click responses
showing the degree of correlation between click stimulus and umbo response. The click velocity response
was scaled vertically and translated horizontally. C) Top row: Data plotted as mesh plot. Second row: The
waveforms that were used to make the mesh plots. Third row: The boxed part of rows 1 and 2 expanded
to emphasize the initial response. This figure is reprinted from our paper previously published at journal
Hearing Research [84]
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Figure C.2: A) diagram of the eardrum and a grid framework. B & C) Velocity responses from numbered
points correspond to two experiments, g604 on top and g603 on bottom. This figure is reprinted from our
paper previously published at journal Hearing Research [84]
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Appendix D: Peer-reviewed journal papers
The peer-reviewed journal papers in which I contributed as second author are as below:
Scanning optical coherence tomography 
probe for in vivo imaging and displacement 
measurements in the cochlea 
NATHAN C. LIN,1 ELIKA FALLAH,2 C. ELLIOTT STRIMBU,3 CHRISTINE P. 
HENDON,1 AND ELIZABETH S. OLSON2,3,* 
1Department of Electrical Engineering, Columbia University, 500 W. 120th St., Mudd 1310, New York, 
NY 1002, USA 
2Department of Biomedical Engineering, Columbia University, 1210 Amsterdam Ave, New York, NY 
10027, USA 
3Department of Otolaryngology, Head and Neck Surgery, Columbia University Medical Center, 180 
Fort Washington Ave., NY 10032, USA 
*eao2004@columbia.edu 
Abstract: We developed a spectral domain optical coherence tomography (SDOCT) fiber 
optic probe for imaging and sub-nanometer displacement measurements inside the 
mammalian cochlea. The probe, 140 ȝm in diameter, can scan laterally up to 400 ȝm by 
means of a piezoelectric bender. Two different sampling rates are used, 10 kHz for high-
resolution B-scan imaging, and 100 kHz for displacement measurements in order to span the 
auditory frequency range of gerbil (~50 kHz). Once the cochlear structures are recognized, 
the scanning range is gradually decreased and ultimately stopped with the probe pointing at 
the selected angle to measure the simultaneous displacements of multiple structures inside the 
organ of Corti (OC). The displacement measurement is based on spectral domain phase 
microscopy. The displacement noise level depends on the A-scan signal of the structure 
within the OC and we have attained levels as low as ~0.02 nm in in vivo measurements. The 
system’s broadband infrared light source allows for an imaging depth of ~2.7 mm, and axial 
resolution of ~3 ȝm. In future development, the probe can be coupled with an electrode for 
time-locked voltage and displacement measurements in order to explore the electro-
mechanical feedback loop that is key to cochlear processing. Here, we describe the 
fabrication of the laterally-scanning optical probe, and demonstrate its functionality with in 
vivo experiments. 
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Spectral Domain Optical Coherence Tomography (SDOCT) is a low-coherence 
interferometric system developed mainly for imaging, and also capable of displacement 
measurements, using Spectral Domain Phase Microscopy (SDPM) [1]. SDOCT has a 
penetration depth of several millimeters, resulting from working in the infrared range, and the 
ability to simultaneously measure displacements at locations all along the axial-scan (A-scan). 
Its steep optical sectioning curve, based on its broadband light source, results in ~3 ȝm axial 
resolution [2]. This resolution is adequate for displacement measurements in the sensory 
tissue of the cochlea, whose different structures are separated by distances on the order of 10 
ȝm. Following pioneering work over the past decade [3–5], the data generated by OCT 
systems is having a substantial impact on the understanding of cochlear processing. Several 
groups, including ours, have performed SDOCT-based displacement measurements using a 
Thorlabs system (Telesto III), which is designed for imaging and can be tailored by the user 
for phase-based displacement measurements [6,7]. The light source of the Telesto III is 
comprised of two coupled superluminescent diodes, with a central wavelength of ~1300 nm 
                                                                      Vol. 10, No. 2 | 1 Feb 2019 | BIOMEDICAL OPTICS EXPRESS 1032 
#351849 https://doi.org/10.1364/BOE.10.001032 
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and a bandwidth of ~135 nm. The system’s axial resolution, ¨z, is 3.5 ȝm in air and in saline-
rich tissue like the cochlea, the index of refraction n ~1.3, and ¨z is 2.7 ȝm. 
To date, we have used the Telesto as a bulk-optics SDOCT system to measure 
displacements of the cochlea’s sensory tissue through the transparent round window 
membrane (RWM), at the base of the cochlea [2,6]. Other auditory groups have measured 
through the bony shell in the apical region of the cochlea where the bone is relatively thin [3]. 
The access locations are limited because the cochlea is surrounded by bone, and damage will 
modify the measured displacements, in particular by reducing the active outer-hair-cell-based 
process termed cochlear amplification. Going from the apex to the base the frequency of 
sound processing increases, in humans from ~20 to ~20000 Hz and in gerbils from ~100 to 
50000 Hz. The processing of sound is similar, but not identical, in the cochlear base and apex, 
and both regions are interesting scientifically. Our lab studies the basal cochlea, and the probe 
described here is being developed for measurements in that region, but could be used in the 
cochlear apex, as well as other applications. Here we demonstrate, through in vivo 
experiments, a fiber-optic-probe-based SDOCT system. In the current experiments we 
accessed the cochlea’s sensory tissue through the RW, with intact RWM. The SMF/GRIN 
probe has a diameter of 140 ȝm, and can also be inserted via a hole (cochleostomy) drilled in 
the bone of ~200 x 500 ȝm (500 ȝm dimension to allow scanning). For many years our lab 
has used basal cochleostomies of ~200 ȝm diameter with fiber optic probes of ~150 ȝm 
without damaging the active cochlear process, in measurements in gerbil [8]. The presence of 
the persistent stapedial artery makes larger holes difficult in the gerbil base, but 
cochleostomies of ~400 – 500 ȝm have been made in the base and apex of chinchilla and 
guinea pig cochleae for imaging and motion measurements [9]. 
We had two motivations for developing the probe system. Firstly, it will allow us to 
access locations that the bulk-optics system cannot access. Secondly, we plan in the future to 
attach an electrode to the side of the probe, in order to make simultaneous displacement and 
outer hair cell (OHC)-produced voltage measurements. A similar pressure-voltage dual 
sensor, built around a fiber-optic probe, was developed previously by our lab [8]. With our 
planned electrode/SD-OCT probe, the measurements of voltage and motion will be coincident 
in both time and space, and will allow us to explore the electro-mechanical feedback loop that 
results in cochlear amplification. 
SDOCT displacement measurements with a fiber optic probe have been performed 
previously. For example, optical coherence elastography determines tissue displacement 
produced by compressive loading [10–13], using probe-based SDOCT. Probe-based 
displacement measurements have not been done in the cochlea, although several groups have 
imaged the cochlea with fiber optic probes that scan by rotating around the long axis [14,15], 
and another group has developed a fiber optic probe for middle-ear imaging [16]. 
In this paper, we describe the development and initial use of an SDOCT probe with 
controllable lateral scanning up to 400 ȝm. This scanning range is suitable for identifying 
cochlear structures. Once the structures are identified, the scanning is stopped and the probe 
can be precisely pointed at a specific angle for subnanometer–scale displacement 
measurements of the structures along that angle’s A-scan. Two in vivo experiments were 
done to validate the probe’s usage. 
2. Probe system 
2.1 Probe design 
The probe is composed of a micro-GRIN fiber ~140 ȝm in diameter, with g = 5.9 mm!1, a 
length of 500 ȝm, fused to SMF-28 fiber. This basic component was ordered from WT&T Inc, 
Pierrefonds, Quebec Canada. A micrograph is shown in Fig. 1(A). A probe-measured A-scan 
of a water-immersed mirror is shown in Fig. 1(B). The beam profile was measured by the 
manufacturer with a BeamScan Optical profiler placed at the focal point (focal length = 250 
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complex A-scan gives the depth profile of the sample structures (Fig. 4(B)) [22]. A series of 
A-scans (~106 for 10s of acquisition) is taken at a fixed lateral position in rapid temporal 
succession, called the M-scan, to acquire data for the displacement measurement. 
Displacement, į(t), of the sample is found by evaluating the phase variations Ĭ(t) of the 
complex A-scan at the location of the peak in the A-scan magnitude. Unwrapping is 
performed to undo phase jumps > !  at adjacent time points. į(t) = Ĭ(t)/(2nk0), where ko = 
2ʌ/ȜȠ, and ȜȠ is the center wavelength of the light source. The resulting waveform, į(t), is then 
Fourier-transformed to the frequency domain in order to find the magnitude and phase of the 
sample. 
Cochlear measurements were done in vivo on Mongolian gerbils (Meriones unguiculatus). 
The animal experiments were approved by the Columbia University Institutional Animal Care 
and Use Committee and a full description of the surgical preparation and anesthetic regimen 
and acoustic setup can be found in other papers from our lab [23]. 
The current paper is focused on the probe and the in vivo animal experiments were done 
to demonstrate its utility; new physiological findings are not a component of this paper. The 
measurements here were done in vivo in passive cochleae, following an independent set of 
measurements. In order to compare the results with those of the bulk optics system these data 
were collected with the probe imaging the OC through the round window (Fig. 4). 
3. Results 
3.1 In vivo cochlea imaging and displacement measurements 
The round window, where the probe accessed the cochlea, is indicated with a dotted line in a 
cross-sectional sketch of the cochlea in Fig. 4(A). The lateral scanning was initially ranged at 
400 ȝm and the acquired B-scan (top image of Fig. 4(B)) can be compared to the sketch in 
Fig. 4(A) to identify the RWM, basilar membrane, organ of Corti, and Reissner’s membrane. 
The probe was positioned at the desired angle with DC voltage applied to the bender and 
scanned with the sawtooth voltage. The lateral scanning range was gradually decreased, and 
ultimately stopped to point the probe at the desired location (shown in Fig. 4(B) with the red-
dotted line, and its corresponding A-scan). An M-scan was then acquired for displacement 
measurements, while stimulating the ear canal with a set of tones as described in the next 
section. The first structure at depth location 300 ȝm is the RWM, followed by the organ of 
Corti complex structures at depth locations between 400 and 500 ȝm. Reissner’s membrane is 
at ~650 ȝm. 
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identification, and then be arrested to measure displacement along a selected A-scan. In 
addition, in the future an electrode can be coupled to the probe in order to simultaneously 
measure mechanical and electrical cochlear responses, to explore cochlear electromechanical 
processing [8]. 
Attaining a good SNR (a low displacement noise floor) for intracochlear measurements, 
especially deep inside the organ of Corti, is challenging because of the low reflectivity of the 
sensory tissue. For example, the outer hair cell reflectivity is only ~0.006% [30]. Our cochlear 
measurements in Fig. 5 showed a noise floor of ~0.02 nm, similar to those obtained by our 
and other groups’ vibrometry systems [25,26,31]. With this noise floor, displacement can be 
measured at low SPL in the basal region of the gerbil’s cochlea. The CP setup is used for 
displacement measurement to maximize the light to the sample, because with the nonCP 
setup, light is lost when traveling back and forth through a 75:25 fiber coupler. Additionally, 
by using the same optical path for both the sample and reference arms, systematic noise is 
reduced. On the other hand, the nonCP setup allows for adjustment of the reference beam 
level which is sometimes needed for real-time imaging. 
As discussed in section 2.3, when using SDPM, displacement is determined from the 
phase variation of the complex A-scan peaks over time, and the minimum detectable phase 
difference ı¨ĭ in the complex A-scan sets the noise floor of the displacement measurements, 
įx. ı¨ĭ is directly related to the SNR of the A-scan’s magnitude (SNRA = the ratio of a 
reflector (peak) intensity to the background intensity, and the A-scan magnitude can be used 
to find an approximation for the displacement noise floor. The expression is: 
1
2 10 0 2[ ]4 4x n n SNRA
! !
" # $% % %= =&  [32,33]. The predicted įx for the bright structure in the organ of 
Corti in the experiment of Fig. 5 is 12 nm based on the SNRA of the reflector’s A-scan 
magnitude. Taking the frequency domain FFT lowers the noise floor because the noise is 
distributed among all the frequency bins (524288). This lowers (improves) the noise floor by 
a factor of 1
_ _ _number of frequency bins
, giving a theoretical įx of 0.0165 nm. This prediction is 
born out in the value of the experimental noise floor in Fig. 5(B). 
5. Conclusion 
We demonstrated a lateral scanning SDOCT probe, 140 ȝm in diameter, coupled to a 
Thorlabs Telesto SDOCT, for real-time laterally-scanned B-scans within the cochlea and 
displacement measurements with a noise floor of ~0.02 nm. Planned work includes coupling 
an electrode to the probe to explore the electro-mechanical feedback loop that results in 
cochlear amplification. In future work, the probe could be used to image and measure 
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Adaptation of Cochlear Amplification to Low
Endocochlear Potential
Yi Wang,1 Elika Fallah,1 and Elizabeth S. Olson1,2,*
1Biomedical Engineering and 2Otalaryngology/Head & Neck Surgery, Columbia University, New York, New York
ABSTRACT Endocochlear potential (EP) is essential for cochlear amplification by providing the voltage source needed to drive
outer hair cell (OHC) transducer current, which leads to OHC electromechanical force. An early study using furosemide to revers-
ibly reduceEP showed that distortion product otoacoustic emissions (DPOAEs) recovered beforeEP. This indicated that cochlear
amplification may be able to adjust to a new, lower EP. To investigate the mechanism of this adjustment, the extracellular OHC
voltage, which we term local cochlear microphonic (LCM), was measured simultaneously with DPOAE and EP while using intra-
peritoneal (IP) and intravenous injection of furosemide to reversibly reduce EP. With IP injection, the DPOAEs recovered fully,
whereas the EPwas reduced, but LCM showed a similar time course as EP. The DPOAEs failed to accurately report the variation
of cochlear amplification. With intravenous injection, for which both reduction and recovery of EP are known to occur relatively
quickly compared to IP, the cochlear amplification observed in LCM could attain nearly full or even full recovery with reduced
EP. This showed the cochlea has an ability to adjust to diminished operating condition. Furthermore, the cochlear amplifier and
EP recovered with different time courses: cochlear amplification just started to recover after the EP was nearly fully recovered
and stabilized. Using a Boltzmannmodel and the second harmonic of the LCM to estimate the mechanoelectric transducer chan-
nel operating point, we found that the recovery of cochlear amplification occurred with recentering of the operating point.
INTRODUCTION
In the mammalian cochlea, with the positive feedback
provided by outer hair cell (OHC) electromechanical
force, cochlear amplification locally enhances the basilar
membrane (BM) vibration in the best frequency (BF)
region to boost the frequency selectivity and sensitivity
of the cochlea. Endocochlear potential (EP), the
approximately !80 mV scala media (SM) potential, is
essential for cochlear amplification (1). It provides part of
the voltage source needed to drive OHC transducer current,
which leads to OHC electromechanical force. Animal
models showed significant decline in hearing function under
low EP, including linearization of BM velocity responses
and decrease in auditory nerve (AN), compound action po-
tential (CAP), cochlear microphonic (CM), and distortion
product otoacoustic emission (DPOAE) responses (2–6).
EP reduction will also reduce the silent current flowing
through the cochlea. Quasistatic current across the organ
of Corti can modify BM motion (7,8) and even geometry
(3). Thus, EP reduction might affect cochlear amplification
in several ways beyond simply reducing the driving force for
hair cell (HC) current.
EP is generated in the stria vascularis by active transport
of multiple ions (9). Age-related strial degeneration and
subsequent EP decline is a common cause of presbycusis
(10–12), resulting in loss of cochlear amplification. Furose-
mide is a loop diuretic that has ototoxic effects, primarily on
the stria vascularis (13,14), and reversibly decreases EP
(4,5,15–17). The recovery takes minutes to hours, depends
on the dosage and method of delivery, and gives us a tool
to trace the variation in cochlear function with varying EP.
In 1991, Ruggero et al. used IV injection of furosemide to
change EP and observed the abolishment and recovery of
cochlear amplification by measuring the BM velocity at
frequencies around the local BF after the injection (2). How-
ever, lacking a measurement of EP, it is unclear whether the
EP and BM velocity nonlinearity recovered simultaneously.
In 1993, DPOAE and EP were measured simultaneously by
Mills et al., with DPOAE used to noninvasively probe active
cochlear mechanics and amplification (4). With an intraper-
itoneal (IP) injection of furosemide that reversibly reduced
the EP, they found that DPOAEs recovered before EP.
This indicated that cochlear amplification may be able to
adjust to a new, lower EP. This finding seems at odds with
the findings of Sewell et al. (5), in which the EP and AN
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responses recovered in step with each other. However, AN
responses depend on both IHCs and OHCs, and OHC activ-
ity might be able to adjust to a change of EP while AN re-
sponses are still low. The homeostatic system of cochlear
amplification might be relatively robust.
DPOAE represents OHC nonlinearity and is an indirect
measure of cochlear amplification, and thus the recovery
of amplification with reduced EP hypothesized by Mills
et al. (4) needs to be shown to be compelling. In addition,
the mechanism for the recovery needs exploration. For
example, reduced EP could alter the geometry of the OHC
because of electromotility, leading to a static operating point
(OP) change of the mechanoelectrical transduction (MET)
channels (14,18). Our results could be analyzed within
this OP framework, so we briefly review the basic concepts
here: MET channel opening is modeled as a sigmoidal
input/output (IO) function, like a Boltzmann function (19).
To maximize the IO slope and thus output amplitude, the
OP on the Boltzmann function should be centered. For
OHCs, which act primarily as alternating current (AC) ef-
fectors, one would therefore expect the OP to be approxi-
mately centered, and intracellular recordings from OHCs
show responses that are reasonably, but not precisely,
centered. For inner hair cells (IHCs), for which a direct cur-
rent (DC) response is important for transmitter release, the
MET channel is expected to be uncentered, and that expec-
tation has been born out experimentally (20–22). It is
possible that a recovery of cochlear amplification with low
EP could occur by the OHC optimizing its OP to a more
centered point on the IO function, compensating for the
decreased EP. This centering process may not occur simul-
taneously with the EP recovery. With sinusoidal input, OP
variations can be explored with harmonic analysis of the
output. This analysis is guided by previous work by other
groups, for example, Kirk et al. (23) and Sirjani et al. (14).
In this study, furosemidewas used to reversibly reduce EP,
which was continuously monitored. The extracellular OHC
voltage at the BM, which represents OHC current and is
termed local cochlear microphonic (LCM), was directly
measured simultaneously with EP and DPOAE to investigate
the adjustment process of cochlear amplification under
reduced and recovering EP. The LCM exhibits traveling
wave delay, sharp tuning at low and low-moderate stimulus
levels, and nonlinearity in the peak region (Fig. 1 D) that
is similar to that of BM motion and pressure at the BM
(24–26). Thus, it serves as an appropriate measure of local
cochlear amplification. Harmonics of LCM were measured
to find OP variations. Our main findings were as follows.
1) With IP injection of furosemide, we confirmed the Mills
et al. result: DPOAEs (in the frequency range they studied)
recovered fully, whereas the EP was reduced. 2) The EP-
dependent changes of LCM (representing cochlear amplifi-
cation) and DPOAE were different, and thus DPOAE failed
to accurately report the variation of cochlear amplification.
3) With intravenous (IV) injection of furosemide, cochlear
amplification recovered over a different time course than
EP and was related to adjustment of the OP.
MATERIALS AND METHODS
Animal preparation
Animal procedures were approved by the Institutional Animal Care and Use
Committee of Columbia University. Adult gerbils with normal CAP
response were used in the experiments. Animals were sedated with keta-
mine and anesthetized with pentobarbital, with supplemental dosing
throughout the experiment. 0.5 mL of warm saline was administered every
2 h, and buprenorphine was given every 6 h as an analgesic. Body temper-
ature was monitored and maintained around 37!C by a thermostatically
controlled heating pad. After the pinna was removed, the animal was placed
in a supine position and a tracheotomy was performed to maintain a clear
airway. The bulla was then opened to expose the cochlea.
Furosemide (Salix Injection 5%, Madison, NJ) was administrated via
either IP or IV injection. To repeat the Mills et al. study (4), 120 mg/kg furo-
semide was IP injected. IV injection was performed via the femoral vein
of the left leg, at a dose of 100 mg/kg. The injections were performed at
t " 0 min in the reported results.
Acoustic stimulus
Sound stimulationwas generated by a Tucker-Davis Technologies (Alachua,
FL) system driving a Radio Shack dynamic speaker, connected in a closed-
field configuration to the ear canal (EC). The calibration of sound was
performed within the EC using a Sokolich ultrasonic probe microphone
(Newport Beach, CA). Responses were measured for #1 s and averaged.
Two types of stimuliwere applied: single-tone and two-tone.These two types
of stimuli were applied alternatively to measure LCM, DPOAE, and distor-
tion products (DPs). Each of the submeasurements took #4 min, for 8 min
total. The microphone output goes positive for negative pressure, and this
180! offset was corrected in the presented data.
Single-tone stimuli were swept in steps of 0.5 or 1 kHz between 1 and
40 kHz. Multiple stimulus levels were applied (30, 45, 65, and 85 dB sound
pressure level [SPL]), to evaluate the nonlinearity of LCM. In one experi-
ment (expt705), after an initial multifrequency, multilevel run, a series of
runs were made with just two frequencies (BF and BF/2) at multiple levels
(30–90 dB SPL in steps of 5 dB) to achieve finer time and level resolution.
For the two-tone experiments, two pure tones (f1 and f2) with equal levels
of 55 and 65 dB SPLs and fixed frequency ratio f2/f1" 1.25were applied. f2
frequencies were swept in steps of 0.5 or 1 kHz between 1 and 40 kHz.
Measurement of cochlear potentials
EP
EPwasmeasured via a#10mmdiameter hole in the SMof the second turn of
the cochlea (Fig. 1,A andB). The reference electrodewas placed on themus-
cle of the right leg, and the animal bodywas grounded. For both working and
reference electrodes, microelectrode holders (World Precision Instruments,
Sarasota, FL) with an Ag-Ag/Cl pellet were used. For theworking electrode,
a pulled-glass micropipette with #10 mm tip was connected to the pellet,
filled with 0.5 M KCl as a fluid bridge. In the reference electrode, saline
was used as a fluid bridge. The EP electrodes had a resistance of 3–8 MU
when measured in saline. Just before inserting the EP electrode, and again
when removing it at the end of the experiment, we measured the voltage at
the bony shell of the cochlea to give the 0 mV reference. The difference be-
tween these values, the reference drift, usually was less than 3mV. If the drift
exceeded 3 mV, we corrected the EP by a value found by assuming that the
referencevoltage had drifted linearlywith time.After a preampwith a gain of
10, themeasuredDC voltagewas continuously collected every secondwith a
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DATAQ DI-710 Data Acquisition & Logger device (DATAQ, Akron, OH)
and sent to the computer.
LCM
LCM was measured using a tungsten microelectrode with !1 mm tip diam-
eter (FHC, Bowdoin, ME). The electrodes showed a resistance of 0.3–1MU
measured in saline with a 500 Hz stimulus and had a flat frequency response
over the frequency range of the measurement (change within 0.8 dB up to
80 kHz). The electrode was advanced into the cochlea via a!100 mm diam-
eter hole in the scala tympani (ST) of the basal turn of the cochlea, where the
BF is 15–20 kHz (Fig. 1, A and B). The electrodes were connected to an AC
preamp (PARC EG&G, San Diego, CA) with gain of 1000 and pass band of
0.3–300 kHz, and the data were collected by the Tucker-Davis Technologies
system. To measure the local OHC response, the electrode was slowly
advanced to be close to the BM until the measured LCM was comparable
to that observed in Dong and Olson (24), in which the LCM was measured
!10 mm away from BM. At this point, traveling wave delay was present in
the phase, and the amplitude was sharply tuned at low SPL (Fig. 1 D). In
healthy preparations, the LCM showed a high degree of nonlinearity in the
peak region, and at low SPL, therewas a sharp peak at what was by definition
the BF. The LCMphase relative to EC at the BFwas!1 cycle. In less healthy
cochleae, the peak was less prominent, and to be consistent, the BFs of the
measurements were determined by the frequency for which phase accumu-
lated over!1 cycle.We compared the frequency tuning curve of an ANfiber
(27) and LCM, and the sharpness of tuning was similar in the tip region
(Fig. 1 C). These observations support the expectation that LCMwas gener-
ated primarily by local OHCs. Notches do occur, particularly at relatively
high SPL, that are likely due to phase cancellation. This cancellation could
be between local and nonlocal sources (24,28) or between local fast and
slow mode responses (29). LCM was usually measured every 8 min and
wasmeasured every 2min in the experiment devised for finer time resolution
that probed only two frequencies. The time points are defined when 65 dB
SPL BF responses were measured, unless noted.
DPOAE
DPOAE was measured in the EC every 8 min. A two-tone stimulus
with fixed frequency ratio f2/f1 " 1.25 and equal stimulus levels (55 and
65 dB SPLs) was applied as in our previous studies (25,30). The amplitude
of the cubic distortion tone (2f1# f2) DPOAE was calculated using the fast
Fourier transform of the EC pressure measurement. LCMDP was measured
simultaneously via the LCM electrode. The time points were defined when
the 65 dB SPL BF response was measured unless noted otherwise. Fig. 2
shows an example of EC pressure (ECP) and LCM spectra with a two-
tone stimulus (65 dB SPL).
CAP
To measure the CAP response, a silver wire electrode was placed on the
bony round window (RW) opening. The reference electrode was inserted
into the muscle of the jaw, and the gerbil body was grounded. An AC ampli-
fier with a first-order high-pass filter and a second-order low-pass filter, with
a pass band of 0.2–4 kHz, was used to measure the CAP response. The CAP
stimulus was composed of a 3 ms tone pip of variable frequency presented
every 12 ms, with alternating polarity to eliminate the linear component of
the CM from the responses. CAP responses were collected for 16 fre-
quencies ranging from 0.5 to 40 kHz. Thresholds were determined by eye
as !3 mV peak-to-peak responses. CAP thresholds were measured before
and after the ST cochleostomy to ensure a healthy starting cochlea
(Fig. 3). In three animals, we measured CAP near the end of the experiment.
Because EP did not fully recover after furosemide administration, the final
CAP thresholds are expected to be elevated somewhat. Two of them
(expt655 and expt705) had only a small threshold change, and in general,
the change correlated with the final EP, as will be discussed later.
RESULTS
DPOAEs could recover fully, whereas EP and
LCM remained subnormal after furosemide IP
injection
In the first set of experiments, 120 mg/kg furosemide was
administrated IP. Fig. 4 A (n " 2, shown in two different
colors) compares the time variations of the simultaneously
measured EP, LCM (65 dB SPL), and 2f1 # f2 DPOAE
(65 dB). As shown in the top of Fig. 4 A, after IP furosemide
FIGURE 1 (A) Cross-sectional view of the cochlea, showing the placement of sensors. The LCM electrode was placed near the BM via a hole in the basal
turn of ST. The EP electrode was placed to access the second turn of SM. (B) Experimental photo is shown. The green line shows division of basal and second
turn of the cochlea. (C) Comparison of frequency tuning of LCM and AN fiber with BF " 18 kHz (AN data from (27)) is shown. The threshold of LCM was
0.004 mV. (D) Frequency response example of LCM fundamental with stimulus levels ranges from 30 to 90 dB SPL in 5 dB steps (expt705). At the BF of the
preparation (18 kHz), the amplitudes show a nonlinearity factor of !250. The rapidly accumulating phase at 14–20 kHz shows traveling wave delay, affirm-
ing that the measurement was from local OHCs. To see this figure in color, go online.
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was administered, EP decreased quickly, reached its mini-
mum within 20–30 min, rapidly recovered between 30 and
50 min, and slowly recovered over !150 min. The time
course varied somewhat between animals. The EP has not
fully recovered in our preparations, and lack of full EP re-
covery after furosemide injection is common in the litera-
ture (4,16,17). Fig. 4 A, bottom shows DPOAE variations
at two frequencies: near the BF (while avoiding DPOAE
notches that might be due to the interference from multiple
distortion sources (31)) and at 8 kHz to repeat the Mills et al.
study (4). The DPOAE fully recovered at 30–50 min,
whereas EP remained subnormal. The DPOAE sometimes
even overshot the initial values. These findings were similar
to those of Mills et al., which are included in Fig. 4 A (red
curves in EP and DPOAE variations). LCM variations are
shown in the middle of Fig. 4 A. Unlike DPOAE, the
LCM variations were more similar to EP: they did not reach
a full recovery. Thus, the recovery of DPOAE failed to
reflect a true recovery of cochlear function.
Fig. 4 D (expt644) shows the detailed frequency response
of LCM measured "13, 26, 50, and 150 min after furose-
mide injection. The corresponding EP time course is in
Fig. 4 B, and the superimposed red stars indicate the mea-
surement times of Fig. 4 D. At "13 min, before the furose-
mide injection, the LCM showed cochlear amplification
tuned at the BF of !16 kHz. The rapid phase accumulation
observed at 15–20 kHz indicates that we were detecting
traveling wave responses, which shows that our LCM mea-
surement is dominated by the responses of local OHCs.
Along with the EP drop after furosemide injection, the
amplitude of LCM at 26 min decreased significantly, and
nonlinear compression was absent from 30 to 65 dB SPL.
The 85 dB SPL response retained nonlinearity after furose-
mide injection, likely because the OHC transduction mech-
anism was approximately saturated—this can be considered
‘‘passive nonlinearity.’’ After that, EP and LCM slowly
recovered and stabilized at !150 min. The bottom panel
of Fig. 4 D at 150 min shows the frequency response
when the EP had stabilized. The LCM shows substantial re-
covery but has not returned fully to its initial condition.
Fig. 4 B (expt644) and Fig. 4 C (expt652) show the time
course of normalized LCM with the BF stimulus at 45, 65,
and 85 dB SPL. In the EP recovery phase, a two-stage recov-
ery of the LCM response was observed. In the first stage
(!25–40 min), the LCM amplitude increased significantly,
but the nonlinear compression was still small, except for
the ‘‘passive nonlinearity’’ at 85 dB SPL. In the second stage
(!40–60 min), the recovery of response amplitudes slowed,
but the mid-SPL ‘‘active’’ nonlinear compression recovered
significantly—the orange and yellow lines in the lower
panels of Fig. 4, B and C diverged from each other. The
two-stage recovery can also be seen in Fig. 4 D, in which
at 26 min, all the SPL curves have dropped well beneath
the 1 mV/Pa line, at 50 min, they are back up at the line,
and at 150 min, the mid-SPL responses have begun sepa-
rating, sharpening the lower SPL responses.
FIGURE 2 Example spectra with 65 dB SPL two-tone stimulus
(expt696). (A) ECP spectra are shown. (B) LCM spectra are shown.
FIGURE 3 CAP thresholds measured before (solid) and after cochleos-
tomy (dotted) (n # 8) and at the end of the experiment (dash-dot)
(n # 3). The CAP threshold elevations after cochleostomy were less than
5 dB. At the end of the experiment, two of three animals (expt655 and
expt705) showed small threshold changes. Because EP did not fully
recover, some elevation is expected. To see this figure in color, go online.
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Themeshplots in Fig. 5 showhow the2f1! f2DPOAEand
DP changed in time after furosemide injection through the full
frequency range (f2" 1–40 kHz, in 1 kHz steps). This figure
illustrates the wide frequency range for which DPOAEs and
DPs fully recovered and, in some cases, even overshot initial
values in the absence of full EP recovery (Fig. 4A, top). Fig. 4,
A–D showDPOAEs, and Fig. 4,E–H show the LCMDPs. Re-
sults from one experiment are shown (expt644) for clarity; re-
sults from other experiments were similar. Each horizontal
row represents DPOAE or LCM DP amplitudes at a specific
time after the furosemide injection. The amplitudes are co-
lor-coded in dB SPL or dB volts (Fig. 5, A, B, E, and F) and
also in dB change relative to their initial values (Fig. 5, C,
D,G, andH).Before the furosemide injection, allDPOAEam-
plitudes started at a healthily high level throughout the fre-
quency range. With the gradual recovery of EP, DPOAE
amplitudes almost fully recovered for 2f1 ! f2 % 17 kHz,
which is equivalent to f1 % 23 kHz and f2 % 28 kHz. At
some frequencies, DPOAE overshot its original values
(change >0 dB). High frequencies recovered more slowly
and did not attain their initial levels. The LCM DP shows a
similar time variation as the DPOAE and also shows over-
shooting compared to initial values.
Changes with IV injection of furosemide
To attain a fuller EP recovery, furosemide was administered
via IV injection (100 mg/kg), for which both reduction and
recovery of EP are known to occur relatively quickly
compared to IP injection (4,16,17,32). Fig. 6 shows the sum-
mary of EP change after IV furosemide injection. The EP
dropped below 0 mV within just a few minutes and stabi-
lized #50 min after furosemide was administered. In most
of the animals, EP recovered to 50–60 mV in 50 min.
Among all the experiments, expt696 showed the fullest re-
covery, and thus the full set of data will be shown with
this animal, accompanied with data from several other ani-
mals to demonstrate repeatability.
DPOAE variation after IV furosemide injection
The mesh plots in Fig. 7 show the change of the 2f1 ! f2
DPOAEs in time across a wide frequency range. Results
from two animals (Fig. 7, A–D: expt696, Fig. 7, E–H:
expt718) are shown, with 55 and 65 dB SPL stimuli. Similar
to Fig. 5, the amplitude variations are shown in dB SPL
(Fig. 5, A, B, E, and F) and in dB change relative to their
initial values (Fig. 5, C, D, G, and H). Both preparations
FIGURE 4 Cochlear responses after 120 mg/kg furosemide IP injection at 0 min. LCM amplitudes of the fundamental frequency are shown. (A) Variations
of EP, LCM at BF (expt644: 16 kHz, expt652: 10 kHz were shown instead of BF " 13 kHz to avoid a notch that might be due to phase cancellation (24,28)),
and 2f1 ! f2 DPOAE near f2 " BF (expt644: f2 " 16 kHz, expt652: f2 " 14 kHz) and at f2 " 8 kHz are shown. LCM and DPOAE are in dB referenced to
their initial values (see Fig. 5 for fuller DPOAE frequencies). Red lines are results from Mills et al. (4) applying 100 mg/kg IP injection in gerbils. (B and C)
EP and LCM (at BF) variations of two animals (B: expt644 and C: expt652) are shown. LCMwith 45, 65, and 85 dB SPL stimulus levels are shown. Red stars
in (B) indicate the corresponding times for the frequency responses in (D). LCM gain was normalized by ECP. (D) LCM frequency responses from one
expt644 at !13, 26, 50, and 150 min after furosemide injection are shown. The green dashed line at 1 is a guide for the eye to compare the magnitude
at the different times. LCM gain and phase were normalized by ECP. To see this figure in color, go online.
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show a DPOAE decrease just after furosemide injection and
a rapid partial recovery at!20 min that was sometimes tran-
sient, with a more robust recovery starting at !80 min.
Expt718 showed a fuller recovery, with nearly full recovery
at low frequencies (2f1 " f2 < 8 kHz). But unlike with IP
injection, in which the DPOAE fully recovered and even
overshot at 2f1 " f2 < 17 kHz, in general, DPOAE did
not recover fully with IV injection. Some of the DPOAE re-
sults observed at 10–13 kHz in Fig. 7 are likely due to distur-
bance caused by the proximity of the LCM electrode to the
BM. This proximity apparently caused reductions in the
initial DPOAE, especially when f2 was approximately the
local BF (indicated by filled triangles at bottom of plots).
This disturbance was not observed in experiments with IP
injection (Fig. 5), possibly because the electrode was further
from the BM during the IP experiments. Closer proximity to
the BM in the IV experiments is supported by the larger
LCM (Fig. 8, H–J) compared with the IP experiments
(Fig. 4 D). The disturbance is unlikely to be due to damage
because the measured LCM showed a healthy amplitude and
degree of nonlinearity, and the cochlear amplifier was func-
tioning before IV furosemide injection and recovered.
FIGURE 5 DPOAE (2f1 " f2) and LCM DP
(2f1 " f2) change in full frequency range after
120 mg/kg furosemide IP injection at 0 min. Sound
stimuli were 55 and 65 dB SPL (expt644). DPOAE
and LCM DP fully recovered at !50 min and
could overshoot initial values. (A)–(D): DPOAE,
(E)–(H): LCM DP (BF # 16,000, DP # 9600).
Amplitudes are in dB SPL for DPOAE and dB volts
for DP. dB changes (C, D, G, and H) were refer-
enced to their values before furosemide injection.
The closed triangles indicate the DPOAE fre-
quency that corresponds to f2 # LCM measure-
ment BF, and the open triangles indicate the
frequency that corresponds to f1 # LCM measure-
ment BF. To see this figure in color, go online.
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Furthermore, the initial DPOAE reductions observed at
10–13 kHz were not observed in the LCM DP responses,
as will be shown later (Fig. 14). In contrast, in a previous
study of DPOAEs and local ST pressure after localized dam-
age, a significant reduction of DPOAEs, local DPs, and
cochlear amplification occurred when the BM was damaged
by !10 mm mechanical indentation (33).
Cochlear amplification recovered more slowly than EP
Fig. 8 shows EP and LCM variations for three animals
(Fig. 8, A, D, and H: expt696; Fig. 8, B, E, and I:
expt670; Fig. 8, C, F, and J: expt718). Fig. 8, A–C show
EP variation with furosemide IV injection at 0 min. Fig. 8,
D–F show LCM amplitude variation in time at the BF,
with stimulus levels of 30, 45, 65, and 85 dB SPL. Fig. 8,
H–J show the LCM frequency responses at different time
points (labeled as red stars in Fig. 8, A–C) before or after
furosemide IV injection. Before furosemide injection, all
three animals showed a significant degree of nonlinearity
at their BF and rapid phase accumulation around BF fre-
quencies (Fig. 8, H–J, first row). Similar to with IP injection
(Fig. 4 D), after furosemide was IV injected, the EP drop-
ped, the amplitude of the LCM decreased, and nonlinear
compression disappeared except at the highest SPL
(Fig. 8, H–J, second row). The 30 dB SPL response showed
a higher gain at lower frequencies (3 and 2 min points in
expt696 and expt718) because the data were being collected
during the time EP was rapidly dropping. The LCM and EP
recovered with different time courses. At !40 min, EP had
recovered substantially, and the LCM amplitude had recov-
ered to some degree, but nonlinear compression for low-mid
SPL remained low (Fig. 8, H–J, third row). At this time, EP
stabilized, but LCM continued to recover (Fig. 8, D–F). At
!100 min, the nonlinear compression and, perhaps more
importantly, tuning at low SPL were substantially or even
fully recovered (Fig. 8, H–J, fourth row). The LCM of
expt718 took a longer time to recover (205 min). Its recov-
ered amplitude was higher than its initial value. The phase
excursion at high SPL was greater in the recovered prepara-
tion than initially, signifying that the traveling wave mode
was being amplified, and thus exceeded the fast mode
through a wider frequency and SPL range (29). This latter
observation applies to expt696 as well. We acknowledge
the possibility that the electrode, starting very close to the
BM, could come a few micrometers closer during the exper-
iment, which could account for the observed suprarecovery
of the LCM. The observation that cochlear amplification
recovered later than the major but incomplete EP recovery
indicates the cochlear amplification recovery was not
directly due to EP recovery. The LCM almost fully or
even fully recovered even when EP was !20 mV lower
than its initial value.
Simulation of harmonic behavior with sigmoidal
OHC MET channel
Because of the electromotility of OHCs, reduced EP can
alter the resting state of the OHC. Reduced EP will also
affect the ionic composition of cochlear fluids and OHCs.
MET channel mechanics are particularly sensitive to OHC
[Ca2"] (19). Any of these could lead to a static OP change
of the MET channels and affect the harmonics of OHC
transduction current and LCM. Harmonic analysis can be
used to explore a shift in OHC transducer OP. In this section,
we use a Boltzmann model to simulate the relationship be-
tween harmonics and OP change before showing the exper-
imental harmonic analysis.
The nonlinearity of the forward transduction of OHC
MET channels is accepted to be the dominant source of
cochlear nonlinearity (34). The LCM can be assumed to
be proportional to the local MET channel receptor current,
and its relationship with the input stimulus to follow a
two-state Boltzmann function (14,18,35):
CM # Voff $ Vsat "
2Vsat
1" exp z % input " OP& '& '
! "
: (1)
Voff represents the vertical offset, Vsat represents the satu-
rating voltage, and z is a sensitivity factor. OP is the oper-
ating point of this OHC transduction curve. This forms a
sigmoid shape as in Fig. 9 A (solid line): transduction is
approximately linear at low stimulus levels and saturates
at high stimulus levels. The source of the data points in
Fig. 9 A and the process used to find the Boltzmann param-
eters will be described in the Discussion.
With a centered OP, the MET channel would operate in a
relatively linear region of the transduction curve (Fig. 9 D).
Then, with a sinusoidal input that is not too large, the output
will be nearly sinusoidal (Fig. 9 E). If the OP is shifted
(Fig. 9, F andH), the LCMwaveform will become asymetri-
cally distorted (Fig. 9, G and I). Because the distortion is
asymmetric, it is an even-order distortion, and even har-
monics will emerge in the spectrum of the LCM waveform
(14,23,36,37). When normalized by the fundamental, the
second harmonic amplitude plotted versus OP is V-shaped
FIGURE 6 EP change after 100 mg/kg IV furosemide injection (n # 5).
Faster decrease and recovery in EP were observed compare to IP injection
(Fig. 4 A). To see this figure in color, go online.
Cochlear Amplifier Adaptation to Low EP
Biophysical Journal 116, 1–18, May 7, 2019 7
Please cite this article in press as: Wang et al., Adaptation of Cochlear Amplification to Low Endocochlear Potential, Biophysical Journal (2019), https://
doi.org/10.1016/j.bpj.2019.03.020
102
(Fig. 9 B): the normalized second harmonic is smallest when
the OP is centered at 0 and larger when the OP moves away
from zero. The phase difference between the second har-
monic and the fundamental is either zero or half a cycle
(Fig. 9 C). At negative OP, the phase difference is zero,
showing that the fundamental and second harmonic are in
phase. At positive OP, the phase difference is a half cycle.
These relationships have been previously described and sup-
ported experimentally in low-frequency CM measurements
at the cochlear base (14,18).
Second harmonic overshoot
Here, we describe the harmonics of the experimentally
measured LCM. Fig. 10 shows the 65 dB SPL LCM fre-
quency response and its harmonics from expt696 with IV
furosemide injection. Each color represents a measurement
at a different time after furosemide injection. The phase of
the fundamental (Fig. 10 B) changed little after furosemide
injection, and the plateau region that is dominated by a
fast mode started above the BF, at !20 kHz. Fig. 10 C
shows the second harmonic amplitude. Before furosemide
FIGURE 7 DPOAE (2f1 " f2) change in full
frequency range for two animals (A–D: expt696,
E–H: expt718) after 100 mg/kg furosemide IV in-
jection at 0 min. Unlike with IP injection, with
IV injection, in general, DPOAE did not recover
fully. Amplitudes are in dB SPL. dB changes
(C, D, G, and H) were referenced to their initial
values before furosemide injection. The closed tri-
angles indicate the DPOAE frequency correspond-
ing to f2 # LCM measurement BF, and the open
triangles indicate f1 # LCM measurement BF. To
see this figure in color, go online.
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injection, a peak of the second harmonic was apparent at a
frequency close to BF/2. This peak might be due to ‘‘ampli-
fied distortion’’ that does not originate from themeasurement
location (38). This distortion is generated basal to the point of
measurement and then amplified by the cochlear amplifier as
it travels to its own best place. After furosemide injection, the
amplified distortion greatly diminished and had still not
recovered at 108 min (pink line). The lack of nonlocal distor-
tion is important to the harmonic analysis, which assumes
that the harmonics are primarily due to local nonlinearity.
Further support for the locality of responses is from the
response phase. The second harmonic phase is plotted refer-
enced to two times the phase of the fundamental (Fig. 10 D).
At frequencies below the plateau frequency but above the BF
(!20 kHz), the second harmonic phase was generally half or
full cycle relative to the fundamental, i.e., either in phase or
FIGURE 8 EP and LCM variation after 100 mg/kg furosemide IV injection in three animals. LCM amplitudes of the fundamental frequency are shown.
(A–C) EP variation is shown. Red stars show the times that frequency responses (H–J) were measured. (D–F) LCM variation in response to 30, 45, 65,
and 85 dB SPL stimuli at the local BF is shown. (SPL key is in H). Amplitude, normalized by ECP, is shown. The BFs are noted on the right bottom corner
of (D)–(F). (H–J) The amplitude and phase of LCM relative to ECP, measured before and multiple times after the furosemide injection, are shown. The green
dashed line at 1 is a guide for the eye to compare the magnitude at different times. Furosemide was injected at 0 min. See (H) for the color legend. Data lower
than noise level (!1 " 10#4 mV $ #80 dBV (Fig. 2) were excluded. To see this figure in color, go online.
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out of phase, andwas composed of approximately flat regions
at those values, separated by sloping regions that occur along
with local minima in the amplitude. As noted in Fig. 9C, half
or full cycle is the expected harmonic phase for harmonics
generated by a nonlinear IO function, and variations from
that behavior could indicate travel of the harmonic within
the cochlea after generation. The observed amplitude and
phase behavior give us confidence that the harmonic re-
sponses we measure are mainly locally generated.
In Fig. 10 C, at fundamental frequencies ranging from
!10 to 20 kHz, second harmonic overshoot (taking values
larger than the prefurosemide values) was observed in the
period of 47–89 min, whereas by 108 min, the second har-
monic had decreased. From the analysis of Fig. 9 B, this in-
dicates that the OP of the MET transduction curve was first
moving away from the center of the IO function, and then
recentering. At the same time, the fundamental and third
harmonic first decreased and then substantially recovered,
which is also as expected with a decentering and then recen-
tering of the OP (Fig. 10 E) (18).
In expt705, with the purpose of exploring the time varia-
tion of the LCM nonlinearity in more detail, LCM was
measured from 30 to 90 dB SPL in 5 dB steps. To attain a
fine time resolution, only single-tone LCM was measured,
and responses were measured at only two stimulus fre-
quencies: the 18 kHz BF to show the cochlear amplification
variation and 9 kHz as a sub-BF frequency to measure MET
channel nonlinearity relatively independent of cochlear
amplification. With this protocol, a full set of LCM data
could be collected as often as once every 2 min. LCM mea-
surement time points are indicated in the gray boxes
included with the EP data of Fig. 11 E. Fig. 11, A–D show
the LCM variation at 18 kHz, and Fig. 11, F–H show the
variation at 9 kHz. Because the decreasing driving voltage
leads to a decrease in the amplitude of both fundamental
and harmonics of the LCM, the second harmonic amplitudes
are shown normalized to the fundamental (Fig. 11, C andG).
After furosemide injection, second harmonic overshoot
was observed starting at 12 min at both 9 and 18 kHz.
From our harmonic simulation (Fig. 9 B), this indicates that
the OP of the MET transduction curve was moving away
from the center of the IO function. The LCM fundamental
frequency amplitudes at both frequencies showed an imme-
diate decrease followed by a recovery (similar to Fig. 8),
and the fundamental amplitudes were stabilized at
!10 min. From 10 to 58 min, the LCM amplitude at the BF
(18 kHz) remained unchanged, and at the sub-BF frequency
(9 kHz)mildly increased. At 58–60min (gray-shaded area in
Fig. 11), the cochlear nonlinearity at the BF (Fig. 11 B),
which up to this point was only apparent at high SPL (passive
nonlinearity), emerged at 30–60 dB SPL, and thus active
nonlinearity recovered significantly in this period. In
contrast, there was no noticeable EP change in this period
(similar to Fig. 8). Instead, the second harmonic amplitude
response at both stimulus frequencies (Fig. 11, C and G)
decreased, indicating that the OP was recentering at the
FIGURE 9 Modeled LCM changes driven by OHC transduction OP change. (A) OHC transduction curve based on two-state Boltzmann model is shown.
Experimental data were from expt705 in response to 10–90 dB SPL 9 kHz stimuli 8 min after furosemide injection (data shown in Fig. 11 below). (B) Model-
predicted second harmonics of LCM (referenced to fundamental amplitude) versus OP change are shown. The amplitude change shows a V-shape that is
steeper at higher stimulus levels (solid line: 65 dB SPL; dashed line: 75 dB SPL). (C) Model-predicted phase of second harmonic relative to fundamental
versus OP is shown. Phase is right-angled line, and large insets illustrate the meaning. The second harmonic and the fundamental are either in phase (left side,
phase difference of zero) or out of phase (right side, phase difference of p " 1/2 cycle) depending on whether the OP is negative or positive. (D–I) OHC
transduction curve (D, F, and H) and modeled LCM waveform with pure tone stimuli (E, G, and I; solid line: 65 dB SPL; dashed line: 75 dB SPL) in three
different OP cases (0,#0.3, and 0.3 Pa) are shown. At the stimulus level used for this illustration, the LCM is approximately sinusoid when OP" 0 (E) and is
distorted when OP moves away from 0 (G and I).
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time (recall Fig. 9 B). Thus, the recovery of cochlear ampli-
fication during the gray-shaded time period was not due to a
recovery in driving voltage but instead likely resulted from a
shift in the MET OP. We expect that the driving voltage was
already sufficiently recovered to generate cochlear amplifi-
cation as early as the 30 min time point, but because at that
time the MET OP was substantially off center, the transduc-
tion current was too small to generate active nonlinearity. As
a final note, the phases of the second harmonics at the time
were approximately flat and !zero or 1/2 cycle (Fig. 11, D
andH), supporting that the measured harmonics were gener-
ated from local LCM distortion.
Fig. 12 shows how the fundamental and normalized second
harmonic changed in time in two additional preparations, in
which the full frequency range was probed. Both of the ani-
mals showed second harmonic overshoot through fre-
quencies below their BF. This overshoot was maximum at
frequencies near the BF (bright spot in Fig. 10, B and D).
That the BF region shows the maximal overshoot of second
harmonic/fundamental is in part due to the greater loss of
the BF fundamental, which exaggerates the increase of sec-
ond harmonic when normalized by the fundamental. Howev-
er, normalization is not the sole reason for the overshoot;
recall that Fig. 10 C showed that the second harmonic over-
shoot occurs in absolute terms, not only in relative terms.
DISCUSSION
Based on their findings of recovery of DPOAE with low EP
(after IP furosemide injection), Mills et al. hypothesized
that cochlear amplification could recover with reduced EP
(4). This hypothesis is related to the fundamental question
of how the cochlea maintains operating conditions so that
transduction and cochlear amplification can function prop-
erly. The cochlear amplification of the basal region of the co-
chlea is remarkable, with peak-region motion gain factors of
many hundreds in the healthiest preparations (38–40). The
high-frequency region of the cochlea is also remarkably frag-
ile, whichmakes probing this region in experimental animals
challenging for scientists and impacts the high-frequency
hearing of aging humans. This fragility suggests that minor
perturbations in operating conditions can have serious detri-
mental effects. The primary objective of this studywas to bet-
ter understand the recovery, and therefore maintenance, of
cochlear operating conditions. We explored this primarily
through the LCM, measured close to the BM, and simulta-
neous measurements of EP. The LCM represents the trans-
ducer current through local OHCs (24,41) and shows the
tuned response and compressive nonlinearity in the peak of
the response curve that is the hallmark of cochlear amplifica-
tion (Fig. 1). In the LCM, nonlinearity extended through the
low-frequency region at SPLs greater than!75 dB SPL, and
this saturating nonlinearity is expected because of the satura-
tion of transducer current when the channels are approaching
their fully open and closed states.
The maintenance and recovery of cochlear operating con-
dition has been studied by others, and a commonly analyzed
aspect of operating condition is the OP of the MET channel.
The channel operates over a range of less than 0.2 mm (42),
which is easy to imagine being perturbed by small static
changes in the 10- to 100-mm-sized cells and tissues of the co-
chlea. Small shifts in OP are likely to lead to substantial
FIGURE 10 Fundamental (A and B), second harmonics (C and D), and third harmonics (E and F) of LCM frequency responses before and after IV
100 mg/kg furosemide injection. Their amplitudes and phases are plotted against the fundamental frequency, with BF, BF/2, and BF/3 labeled (expt696).
To see this figure in color, go online.
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changes in cochlear amplification because OHC electromo-
tility and electroforcing are driven by OHC-current-induced
voltage (43–47). To give examples of this previous work,
Kirk et al. (35) followed low-frequency CM and f2 ! f1
DPOAEs during and after delivery of a high SPL low-fre-
quency tone and hypothesized that a quasistatic mechanical
shift gave rise to the known bounce of sensitivity. They
modeled their resultswith aBoltzmann function representing
the transducer input-output (I-O) curve. Salt and colleagues
(14) measured low-frequency CM and DPOAEs to follow
OP changes after several perturbations, including endolym-
phatic injections and furosemide administration. One of the
objectives of their studies was to explore the use of cochlear
distortion as an indicator for endolymphatic hydrops.
Changes in cochlear responseswith low-frequency bias tones
have been studied, with the responses following predictable
patterns of saturation (48–51). Our analysis below also traces
OP changes after perturbation, and goes beyond previous
studies by monitoring changes in LCM at multiple SPLs
and many frequencies, including the local BF, simulta-
neously with EP. These measurements allowed us to directly
monitor cochlear amplification and its variation with low EP.
Our measurements of DPs and DPOAEs added to the study,
but the LCM was the central measurement used for analysis.
Cochlear amplification recovered simultaneously
with OP recentering
We found the LCM harmonics changed after furosemide in-
jection, indicating the MET channel OP shifted during the
measurement. The delayed recovery of the OP compared
to EP recovery likely resulted in the delayed recovery of
cochlear amplification. Here, we quantify this notion, using
the second harmonic variation and the OHC MET Boltz-
mann model introduced in result 4 (Eq. 1; Fig. 9) to calcu-
late the time variation of the OP.
The parameters of the Boltzmann model were determined
by fitting the expt705 data (experiment from Fig. 11 A).
LCM response waveforms to a 9 kHz tone were used for
the fit in Fig. 9 A. The 9 kHz stimulus varied over a wide
range of SPLs. To remove noise, the response waveforms
were reconstructed using the fundamental and second and
third harmonics. The maximal and minimal value of the re-
constructed waveforms were found and plotted versus their
stimulus levels to generate the transduction curve in Fig. 9 A
(plus signs). With 10–90 dB SPL stimuli in 5 dB SPL step,
34 pairs of data were generated. The solid line in Fig. 9 A
shows the Boltzmann model fit to the data using a least-
square fit. This method follows that of Fig. 1 in (20). The
response at 8 min after furosemide injection was chosen
to generate the Boltzmann model as explained here: 1) at
8 min, the cochlear amplification was approximately inac-
tive. Our objective was to generate and then use the MET
curve, in which, strictly speaking, input is stereocilia deflec-
tion and output is transducer current. Our measured input is
SPL. However, when the cochlear amplifier is inactive,
sound pressure and stereocilia deflection likely scale
approximately linearly. 2) 8 min after furosemide injection,
the amplitude of the normalized second harmonic reached
its minimum, which means the transduction curve was
the most symmetric at the time. Therefore, the constructed
IO curve was not much affected by the fact that our
FIGURE 11 LCM variation after IV furosemide injection in response to 30–90 dB SPL tones (expt705) with fine time resolution (measurement time points
shown in E as gray squares). EP variation is shown in (E). LCM response is shown at two frequencies, BF " 18 kHz (A–D) and sub-BF" 9 kHz (F–H). See
Fig. 1 for this preparation’s full frequency response before furosemide injection. At 58–80 min (gray-shaded areas), the cochlear amplification and second
harmonic of LCM recovered without a corresponding EP change. To see this figure in color, go online.
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metal-electrode measurement of LCM was AC-coupled.
(Truly, even with a DC-coupled electrode, measuring
OHC-based DC responses (termed summating potential)
would not have been possible because the DC response
could have a substantial contribution from IHCs (52).)
Once the Boltzmann curve was known (Fig. 9 A), we
determined where the OP was on the curve at subsequent
time points using the LCM second harmonic response,
normalized by the fundamental response at these time
points, by the scheme of Fig. 9, B and C. OP time variations
were found for three separate frequency/SPL combinations
to check consistency. These three were the responses at
9 kHz, 65 dB and 18 kHz, 65 and 85 dB SPL stimuli (recall
the BF! 18 kHz). In Fig. 13, the time course of the OP is in
Fig. 13 C, compared with the EP (Fig. 13 A) and normalized
fundamental LCM, representing cochlear amplification,
in Fig. 13 B. Fig. 11, D and H show that the second
harmonic phase referenced to the fundamental was
either 0.5 or 1 cycle from 0 to 90 min, as predicted for a
locally generated nonlinearity, which our analysis assumes
(Fig. 9 C). However, before the furosemide administration
and after "100 min, the phase values could diverge from
these two values, indicating that at these times, some of
the second harmonic response likely was generated nonlo-
cally and traveled to the measurement location (38).
Fig. 13 C shows that the three OP estimates resulted in
similar OPs, which supports the validity of the OP estimate.
(The 18 kHz, 65 dB SPL OP estimation could not be found
beyond "40 min, likely because the return of amplification
prevented the linear proportionality between stereocilia
deflection and sound pressure.) An OP change in the nega-
tive direction corresponds to MET channel closure (Fig. 9, F
and G) so that the OHC is operating in a more hyperpolar-
ized state. This is expected to occur for a static position shift
of the BM toward ST. Similarly, a positive OP change cor-
responds to a relatively depolarized OHC, which is expected
for a static position shift of the BM toward scala vestibuli
(SV) (Fig. 9, H and I). To describe the time course of the
OP variation and speculate on its basis, the OP started
at #0.06 Pa after the furosemide injection. At 11 min, the
OP passed 0 and jumped to $0.071 Pa, then shifted slightly
more negative slowly, reaching its minimum at "50 min.
The minimal OP change was "$0.15 Pa, which is "20%
of the extent of the Boltzmann curve in Fig. 9 A. In Peng
et al. (42), Fig. 2, 20% of the input-output function is
"10 nm of stereocilia tip displacement, and we can approx-
imate the OP point shift as corresponding to a BM position
shift of this magnitude. In this scenario, the OP change was
induced by the decreased driving voltage hyperpolarizing
the OHC soma, causing the OHC to lengthen and shift the
position of the stereocilia. However, the mechanism for
OP shift is not revealed by this study.
At 58–80 min (shaded area in Fig. 13), the OP was signif-
icantly recentered. This recovery was simultaneous with
cochlear amplification recovery, evinced by the recovery
of nonlinearity in the LCM at low SPL (Fig. 13 B). This
simultaneous recovery indicates that recovery of cochlear
amplification was due to OP recentering and was not
directly tied to EP recovery (Fig. 13 A). With the OP sub-
stantially recentered, the MET transduction operates in a
FIGURE 12 Fundamental and second harmonic
change in full frequency range for two animals
(A and B: expt696, C and D: expt718) after
100 mg/kg furosemide IV injection at 0 min,
plotted versus fundamental frequency and time of
measurement. (A) and (C) show fundamental
amplitudes in dB SPL; (B) and (D) show second
harmonic amplitudes relative to fundamental
amplitudes (unit less). The closed triangles indicate
the BF. To see this figure in color, go online.
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more linear region with larger MET currents and thus
greater OHC electromotile forcing. Additional changes
that facilitate amplification could occur along with OP
recentering.
There are several time points at which the OP affected the
LCM. At 10 min, the phase of the second harmonic shifted
by a half cycle (Fig. 11), indicating that the OP jumped from
positive to negative (Fig. 13 C). At this time point, the
amplitude of BF and sub-BF fundamental responses
showed a moderate peak, and the second harmonic ampli-
tude showed a valley (Fig. 11). These changes were also
observed in other preparations (Figs. 8, D and E and 12 at
!10 min, Fig. 4 at !50 min instead of 10 min because of
IP injection). In our earlier work (53), we compared the
timecourse of the experimental LCM with the expected
‘‘ohmic’’ LCM change due to the change in driving voltage,
using the Davis model (1). The higher SPL data (85 dB) was
better predicted by the simple ohmic prediction than the
lower SPL data (30, 45, and 65 dB), likely because of the
smaller contribution of cochlear amplification at 85 dB
SPL. Nevertheless, the ohmic prediction and experimental
LCM still differed at 85 dB SPL. This previous finding is
consistent with the finding from this analysis that in addition
to reducing the driving voltage, the furosemide injection
changed the OHC transducer OP, diminishing the sound-
induced conductance change of MET channels.
Sirjani et al. (14) administered IV furosemide at 100 or
50 mg/kg in guinea pigs, monitored second harmonics in
CM in response to 500 Hz tones measured near the RW,
and estimated OP shifts. Responses were followed for
32 min. Despite the experimental differences (frequency
and location of CM measurement), the observed variations
(Fig. 9 in Sirjani et al. (14)) mostly agree with our results
in Figs. 11 and 13. In their results, the second harmonic
showed an initial rapid increase, then decreased to a local
minimum at 10 min (still larger than the original), and
then stabilized or increased slightly. The calculated OP
shifted toward SV immediately after the injection and
slowly moved toward ST, passing 0 at !15 min. Sirjani
et al. did not observe full recovery of the OP, but they
only observed for 32 min, whereas in our result, the OP
was approximately fully recovered at!240 min. Their mea-
surement of DPOAE 2f1 " f2 emissions showed a decline
followed by an increase, which was also similar to our
observation (Fig. 7).
Variation of odd harmonics support the proposed
OP change
Theoretically, with OP change, odd order distortions such as
third harmonics and 2f1 " f2 DP will show a ‘‘W’’ shape,
with a local maximum with the OP at zero, a decrease
with OP shift in either direction away from zero, and finally
an increase at larger OP shifts (18). Using our Boltzmann
simulation with 65 dB SPL stimulation, third harmonics
are expected to decrease as OP moves away from zero for
OP shifts that are <0.2 Pa. During experiments, the third
harmonic was often nearly beneath the noise level because
of its small amplitude. Nevertheless, it showed a significant
decrease after furosemide injection and a recovery after-
ward (Fig. 10 E). Fig. 14 shows the DP variation with IV in-
jection through a frequency range of f2# 5–30 kHz, for two
preparations. The amplitude variations are shown in dB
volts (Fig. 14, A, B, E, and F) and in dB change relative
to their initial values (Fig. 14, C, D, G, and H). Both prep-
arations showed a decrease in DP after furosemide injection,
followed by recovery. These variations of odd order distor-
tion support the OP variation predicted with the second har-
monic analysis.
Basis for the OP shift under EP change
The OP shift at 10–50 min in our Fig. 13 might be due to the
mechanical effects of reduced EP. Reduced EP would
decrease OHC transmembrane potential and thus hyperpo-
larize the OHC, which would increase its static length
because of electromotility. As noted above, the OP shift cor-
responded to !10 nm of stereocilia displacement. OHC
static length change is !2–15 nm/mV in isolated OHCs
(45), but in the more constrained in vivo state, OHC static
length change is expected to be reduced. However, in an
in vitro preparation of the whole cochlea, Jacob et al. (3)
found that positive current injection into SM caused position
shifts of up to 200 nm, and thus the !10 nm shift we
FIGURE 13 Expt705. See Figs. 1 D and 11 for more information. Furo-
semide was injected via IVat 0 min. Color map is shown in (B). (A) EP vari-
ation is shown. (B) Normalized LCM at BF # 18 kHz is shown. (C) OP
change is shown estimated from the second harmonic response of BF at
65 dB SPL (blue), 85 dB SPL (red), and sub-BF 9 kHz 65 dB SPL (green),
by the Boltzmann model shown in Fig. 9, B and C. During the cochlear
amplification recovery from 58 to 80 min (gray shade), no significant EP
change was observed, but the OP showed a significant recovery/recentering.
To see this figure in color, go online.
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estimate is reasonable. EP changes induced by hypoxia have
been correlated with OP shifts in past work (18): using a
Boltzmann-based analysis, 40 mV of brief (!5 min) EP
decrease caused a <0.1 Pa shift corresponding to displace-
ment toward SV, followed by a 0.3 Pa shift corresponding
to displacement toward ST. The OP reached its maximum
(toward ST) at the same time EP reached its minimum.
The displacement toward ST is as expected if the main effect
of reduced EP was to hyperpolarize the OHC. The mecha-
nism and time course of EP reduction in the above study
(18) are different than in our study, and the specifics of
the OP responses are different, but in both studies, the re-
sponses can be thought of in terms of static position shifts
brought on by OHC electromotility.
Furosemide may result in an OP change through mecha-
nisms other than reduced EP. Santo-Sacchi et al. (54)
showed that furosemide can affect nonlinear capacitance
in isolated OHCs. Sirjani et al. (14) found that the OP
variation caused by RW perfusion with furosemide was
different than that caused with IV injection, indicating
that furosemide might affect different pathways in the co-
chlea. However, in Rybak et al.’s results (55), perilymph
FIGURE 14 DP (2f1" f2) after 100 mg/kg furo-
semide IV injection at 0 min (same preparations as
in Fig. 7; A–D expt696, E–H expt718). Amplitudes
are in dB volts (A, B, E, and F). dB changes in (C),
(D), (G), and (H) were referenced to their initial
values before furosemide injection. The closed tri-
angles indicate the DP frequency that corresponds
to f2 # LCM measurement BF, and the open trian-
gles indicate f1 # LCM measurement BF. To see
this figure in color, go online.
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concentrations of furosemide with IV injection reached only
low micromolar concentrations (!15 mM), which was >6
times smaller than the amount that was able to alter
nonlinear capacitance in the isolated OHC (>0.1 mM).
Furthermore, the perilymph concentrations of furosemide
required to alter cochlear function with perilymphatic injec-
tion (10"4–10"3 M (56)) are 1000 times greater than with
the EP-reducing IV injection (1.5# 10"6 M (55)) (2). These
observations indicate the primary cochlear site of action of
furosemide is at the stria vascularis and not the HCs or other
cells of the organ of Corti. OHC degeneration has been
observed as a result of primary strial dysfunction (57), but
only in relatively long-term studies (6,57,58).
Furosemide blocks Na, K-ATPase, or the Na-K-Cl co-
transporter channel in the marginal cells of stria vascularis
(and other cells) (13,14) and alters the ionic composition
of cochlear fluids as well (specifically K$ and Cl"
(14,15,32)). In Rybak and Morizono (32), the IV injection
of furosemide reversibly decreased the endolymph K$ con-
centration (termed Ke$), and its recovery (starting at
!25 min) tended to lag behind the EP recovery. This time
course of Ke$ could affect LCM because potassium acts
as the primary cation for OHC transduction current. Rybak
and Whitworth (15) showed endolymph Cl" concentration
decreased by 16 mM in 30 min when they IV injected
100 mg/kg furosemide, and [Cl"] recovery lagged the EP re-
covery. Chloride is essential to the electromotility of the
OHC motor protein prestin (59,60). Decrease of extracel-
lular and intracellular Cl" had been shown to decrease the
peak capacitance and the operating voltage of prestin
(60–63), which leads to a reduction in cochlear amplifica-
tion. On the other hand, the reduction of those ions may
be accompanied by water movement leaving endolymph,
osmotic changes that could affect OP (14,64). Finally, the
OHC MET channel is sensitive to intracellular [Ca2$],
and the reduced voltage drive for this divalent cation might
have led to reduced Ca2$ flow into OHCs, affecting stereo-
cilia position and OP (19,65). In summary, our experimental
results show that recovery occurs simultaneously with re-
centering of the OP of OHC MET channels. However, re-
covery might also hinge on the recovery of proper ionic
concentrations and OHC resting potential, required for pres-
tin to return to a functional state (61,66,67).
EP reduction has been shown to be a primary factor of
metabolic presbycusis (6). In aged gerbils with low EP, CM
measured at the RW was comparable to or even larger than
in young gerbils (68). These data were explained by a
‘‘dead battery’’model, inwhich the strial battery source resis-
tance was increased in aged animals (69). However, in acute
application (such as furosemide application or current injec-
tion to SM), CM has been positively correlated with EP
(7,70), and our experimental data are in keeping with this.
Our study was of acute changes in EP, and the observations
are not expected to be similar to those of studies of the
long-term reduction of EP that occurs in aging. Certainly, it
would be interesting and beneficial if OP adjustment could
reduce the deleterious effects of metabolic presbycusis, but
this study does not address that question.
BM motion and neural response with reduced EP
In experiments with IV furosemide administration in chin-
chillas, the BM velocity at BF recovered over a similar time-
scale as our LCM: the BM velocity nonlinearity was not
recovered at 45 min and was recovered at 118 min (2). How-
ever, EP was not measured in those experiments.
In experiments with IV furosemide administration in cats,
AN response and EP were measured and recovered simulta-
neously, which is different from the delayed recovery of
LCM in our results (5). This difference might be related to
the much smaller dose of furosemide (7.5 mg/kg) in the
experiment in cats, which only decreased EP to 10 mV,
with nearly full recovery within 10 min.
CAP threshold is an indicator of cochlear sensitivity based
on AN signals. It is an indicator of low-SPL responses and
thus depends strongly on cochlear amplification. In experi-
ments in cats, the relationship between EP change and CAP
threshold was found to have a slope close to "1.0 dB/mV
(5–7). In our experiments, comparing initial CAP threshold
to that at the end of the experiment, our results are consistent
with this value (Fig. 3) in that a final EP decrease of!10 mV
caused CAP threshold to be elevated!10 dB in two animals.
In one animal, the final EPwas decreased by 20mV, andCAP
threshold was elevated by 20–30 dB. We did not monitor
CAP at intermediate time points. When EP was reduced by
methods other than furosemide, for example, mutant mice
or noise exposure, the relationship between CAP threshold
and EP was closer to"0.5 dB/mV (71). However, with these
methods, factors other than EP likely contribute to the
threshold elevation.
CONCLUSIONS
With IP furosemide injection, we reproduced the result by
Mills et al. (4), in which, after an initial reduction, the
DPOAE recovered before the EP. Because DPOAE is a
noninvasive measure of cochlear status, Mills et al. hypoth-
esized that the earlier DPOAE recovery indicated that
cochlear amplification recovered before EP. With IP furose-
mide, our findings with direct measurement of cochlear
amplification did not support this hypothesis: cochlear
amplification, as measured via LCM, began its recovery
with a similar time course as EP. Compressive nonlinearity
in the peak region recovered in stages, at the highest SPL
first and the lowest SPL last, and with IP furosemide, the re-
covery of peak-region compression was incomplete in
the presence of stabilized but not fully recovered EP. Our
interpretation of the full recovery of DPOAE and incom-
plete recovery of cochlear amplification as measured in
LCM is that DPOAE is a relatively simple indicator of
Wang et al.
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cochlear sensitivity. DPOAEs represent distortion, which re-
lies on cochlear nonlinearity, but DPOAEs are not neces-
sarily monotonically related to cochlear amplification. As
another example, an earlier experiment showed 2f1 ! f2
DPOAE did not change significantly when CM amplitude
was reduced by 10% and CAP threshold was elevated by
"6 dB (23).
With IV injection of furosemide, several aspects of the re-
sults were similar to those with IP injection, namely, reduc-
tion in DPOAE, LCM, and EP, followed by recovery.
However, many aspects of the results were different. Most
significantly, the cochlear amplification observed in LCM
could attain nearly full or even full recovery with
"20 mV reduced EP (as shown in Fig. 8). Thus, as Mills
et al. hypothesized, the cochlea has an ability to adjust to
diminished operating condition. Furthermore, the cochlear
amplifier and EP recovered with different time courses:
cochlear amplification just started to recover after the
EP was nearly fully recovered and stabilized. Using a
Boltzmann model and the second harmonic of the LCM to
estimate the transducer OP, we showed that this nonsimulta-
neous recovery of cochlear amplification happened along
with a shift in the OP. These observations suggest that
cochlear amplification is capable of adjusting to lower EP
by optimizing the OP of the MET transducer current.
AUTHOR CONTRIBUTIONS
Y.W. and E.F. conducted the experiments. Y.W. analyzed single-tone data
and developed the model. E.F. analyzed two-tone data. E.S.O. designed
the research and supervised the project. Y.W. applied mathematical tools,
performed the research, and drafted the manuscript. All authors read and
approved the final manuscript.
ACKNOWLEDGMENTS
This work was funded by National Institutes of Health grant R01-
DC015362 and the Emil Capita Foundation.
REFERENCES
1. Davis, H. 1965. A model for transducer action in the cochlea. Cold
Spring Harb. Symp. Quant. Biol. 30:181–190.
2. Ruggero, M. A., and N. C. Rich. 1991. Furosemide alters organ of corti
mechanics: evidence for feedback of outer hair cells upon the basilar
membrane. J. Neurosci. 11:1057–1067.
3. Jacob, S., M. Pienkowski, and A. Fridberger. 2011. The endocochlear
potential alters cochlear micromechanics. Biophys. J. 100:2586–2594.
4. Mills, D. M., S. J. Norton, and E. W. Rubel. 1993. Vulnerability and
adaptation of distortion product otoacoustic emissions to endocochlear
potential variation. J. Acoust. Soc. Am. 94:2108–2122.
5. Sewell, W. F. 1984. The effects of furosemide on the endocochlear po-
tential and auditory-nerve fiber tuning curves in cats. Hear. Res.
14:305–314.
6. Schmiedt, R. A., H. Lang, ., B. A. Schulte. 2002. Effects of furose-
mide applied chronically to the round window: a model of metabolic
presbyacusis. J. Neurosci. 22:9643–9650.
7. Honrubia, V., and P. H. Ward. 1969. Dependence of the cochlear micro-
phonics and the summating potential on the endocochlear potential.
J. Acoust. Soc. Am. 46:388–392.
8. Parthasarathi, A. A., K. Grosh,., A. L. Nuttall. 2003. Effect of current
stimulus on in vivo cochlear mechanics. J. Acoust. Soc. Am. 113:442–
452.
9. Tasaki, I., and C. S. Spyropoulos. 1959. Stria vascularis as source of
endocochlear potential. J. Neurophysiol. 22:149–155.
10. Gratton, M. A., R. A. Schmiedt, and B. A. Schulte. 1996. Age-related
decreases in endocochlear potential are associated with vascular
abnormalities in the stria vascularis. Hear. Res. 94:116–124.
11. Schuknecht, H. F., and M. R. Gacek. 1993. Cochlear pathology in
presbycusis. Ann. Otol. Rhinol. Laryngol. 102 (Suppl 1):1–16.
12. Schuknecht, H. F., K. Watanuki, ., C. Y. Ota. 1974. Atrophy of the
stria vascularis, a common cause for hearing loss. Laryngoscope.
84:1777–1821.
13. Hibino, H., F. Nin, ., Y. Kurachi. 2010. How is the highly positive
endocochlear potential formed? The specific architecture of the stria
vascularis and the roles of the ion-transport apparatus. Pflugers Arch.
459:521–533.
14. Sirjani, D. B., A. N. Salt, ., S. A. Hale. 2004. The influence of trans-
ducer operating point on distortion generation in the cochlea. J. Acoust.
Soc. Am. 115:1219–1229.
15. Rybak, L. P., and C. Whitworth. 1986. Changes in endolymph chloride
concentration following furosemide injection. Hear. Res. 24:133–136.
16. Kusakari, J., I. Ise, ., R. Thalmann. 1978. Effect of ethacrynic
acid, furosemide, and ouabain upon the endolymphatic potential and
upon high energy phosphates of the stria vascularis. Laryngoscope.
88:12–37.
17. Pike, D. A., and S. K. Bosher. 1980. The time course of the strial
changes produced by intravenous furosemide. Hear. Res. 3:79–89.
18. Brown, D. J., J. J. Hartsock, ., A. N. Salt. 2009. Estimating the oper-
ating point of the cochlear transducer using low-frequency biased
distortion products. J. Acoust. Soc. Am. 125:2129–2145.
19. Beurg, M., J. H. Nam, ., R. Fettiplace. 2008. The actions of calcium
on hair bundle mechanics in mammalian cochlear hair cells. Biophys. J.
94:2639–2653.
20. Russell, I. J., A. R. Cody, and G. P. Richardson. 1986. The responses of
inner and outer hair cells in the basal turn of the Guinea-pig cochlea
and in the mouse cochlea grown in vitro. Hear. Res. 22:199–216.
21. Cody, A. R., and I. J. Russell. 1987. The response of hair cells in the
basal turn of the Guinea-pig cochlea to tones. J. Physiol. 383:551–569.
22. Dallos, P. 1986. Neurobiology of cochlear inner and outer hair cells:
intracellular recordings. Hear. Res. 22:185–198.
23. Kirk, D. L., and R. B. Patuzzi. 1997. Transient changes in cochlear po-
tentials and DPOAEs after low-frequency tones: the ‘two-minute
bounce’ revisited. Hear. Res. 112:49–68.
24. Dong, W., and E. S. Olson. 2013. Detection of cochlear amplification
and its activation. Biophys. J. 105:1067–1078.
25. Dong, W., and E. S. Olson. 2016. Two-tone suppression of simulta-
neous electrical and mechanical responses in the cochlea. Biophys. J.
111:1805–1815.
26. Fridberger, A., J. B. de Monvel, ., A. Nuttall. 2004. Organ of Corti
potentials and the motion of the basilar membrane. J. Neurosci.
24:10057–10063.
27. Huang, S., and E. S. Olson. 2011. Auditory nerve excitation via a
non-traveling wave mode of basilar membrane motion. J. Assoc. Res.
Otolaryngol. 12:559–575.
28. Charaziak, K. K., J. H. Siegel, and C. A. Shera. 2018. Spectral ripples
in round-window cochlear microphonics: evidence for multiple gener-
ation mechanisms. J. Assoc. Res. Otolaryngol. 19:401–419.
29. Olson, E. S. 2013. Fast waves, slow waves and cochlear excitation.
Proc. Mtgs. Acoust. 19:050134.
30. Dong, W., and E. S. Olson. 2005. Two-tone distortion in intracochlear
pressure. J. Acoust. Soc. Am. 117:2999–3015.
Cochlear Amplifier Adaptation to Low EP
Biophysical Journal 116, 1–18, May 7, 2019 17
Please cite this article in press as: Wang et al., Adaptation of Cochlear Amplification to Low Endocochlear Potential, Biophysical Journal (2019), https://
doi.org/10.1016/j.bpj.2019.03.020
112
31. Shaffer, L. A., R. H. Withnell, ., K. M. Harmon. 2003. Sources and
mechanisms of DPOAE generation: implications for the prediction of
auditory sensitivity. Ear Hear. 24:367–379.
32. Rybak, L. P., and T. Morizono. 1982. Effect of furosemide upon endo-
lymph potassium concentration. Hear. Res. 7:223–231.
33. Dong, W., and E. S. Olson. 2010. Local cochlear damage reduces local
nonlinearity and decreases generator-type cochlear emissions while
increasing reflector-type emissions. J. Acoust. Soc. Am. 127:1422–
1431.
34. Dallos, P., and R. R. Fay. 2012. The Cochlea. Springer Science & Busi-
ness Media, New York, pp. 237–241.
35. Kirk, D. L., A. Moleirinho, and R. B. Patuzzi. 1997. Microphonic and
DPOAE measurements suggest a micromechanical mechanism for the
‘bounce’ phenomenon following low-frequency tones. Hear. Res.
112:69–86.
36. Engebretson, A. M., and D. H. Eldredge. 1968. Model for the nonlinear
characteristics of cochlear potentials. J. Acoust. Soc. Am. 44:548–554.
37. Wang, Y., and E. S. Olson. 2016. Cochlear perfusion with a viscous
fluid. Hear. Res. 337:1–11.
38. Cooper, N. P. 1998. Harmonic distortion on the basilar membrane in the
basal turn of the Guinea-pig cochlea. J. Physiol. 509:277–288.
39. Rhode, W. S. 2007. Basilar membrane mechanics in the 6-9 kHz region
of sensitive chinchilla cochleae. J. Acoust. Soc. Am. 121:2792–2804.
40. Ruggero, M. A., N. C. Rich, ., L. Robles. 1997. Basilar-membrane
responses to tones at the base of the chinchilla cochlea. J. Acoust.
Soc. Am. 101:2151–2163.
41. Dallos, P., and M. A. Cheatham. 1976. Production of cochlear poten-
tials by inner and outer hair cells. J. Acoust. Soc. Am. 60:510–512.
42. Peng, A. W., F. T. Salles,., A. J. Ricci. 2011. Integrating the biophys-
ical and molecular mechanisms of auditory hair cell mechanotransduc-
tion. Nat. Commun. 2:523.
43. Frank, G., W. Hemmert, and A. W. Gummer. 1999. Limiting dynamics
of high-frequency electromechanical transduction of outer hair cells.
Proc. Natl. Acad. Sci. USA. 96:4420–4425.
44. Ashmore, J. F. 1987. A fast motile response in Guinea-pig outer hair
cells: the cellular basis of the cochlear amplifier. J. Physiol.
388:323–347.
45. Santos-Sacchi, J. 1989. Asymmetry in voltage-dependent movements
of isolated outer hair cells from the organ of Corti. J. Neurosci.
9:2954–2962.
46. Brownell, W. E., C. R. Bader,., Y. de Ribaupierre. 1985. Evoked me-
chanical responses of isolated cochlear outer hair cells. Science.
227:194–196.
47. Iwasa, K. H., and M. Adachi. 1997. Force generation in the outer hair
cell of the cochlea. Biophys. J. 73:546–555.
48. Patuzzi, R., P. M. Sellick, and B. M. Johnstone. 1984. The modulation
of the sensitivity of the mammalian cochlea by low frequency tones.
III. Basilar membrane motion. Hear. Res. 13:19–27.
49. Patuzzi, R., and P. Sellick. 1984. The modulation of the sensitivity of
the mammalian cochlea by low frequency tones. II. Inner hair cell re-
ceptor potentials. Hear. Res. 13:9–18.
50. Patuzzi, R., P. M. Sellick, and B. M. Johnstone. 1984. The modulation
of the sensitivity of the mammalian cochlea by low frequency tones. I.
Primary afferent activity. Hear. Res. 13:1–8.
51. Cheatham, M. A., and P. Dallos. 1994. Stimulus biasing: a comparison
between cochlear hair cell and organ of Corti response patterns. Hear.
Res. 75:103–113.
52. Zheng, X. Y., D. L. Ding,., D. Henderson. 1997. Evidence that inner
hair cells are the major source of cochlear summating potentials. Hear.
Res. 113:76–88.
53. Wang, Y., E. Fallah, and E. S. Olson. 2018. Variations in OHC-gener-
ated voltage and DPOAEs with low EP. AIP Conference Proceedings.
1965:060006.
54. Santos-Sacchi, J., M. Wu, and S. Kakehata. 2001. Furosemide
alters nonlinear capacitance in isolated outer hair cells. Hear. Res.
159:69–73.
55. Rybak, L. P., T. P. Green, ., B. L. Mirkin. 1979. Elimination kinetics
of furosemide in perilymph and serum of the chinchilla. Neuropharma-
cologic correlates. Acta Otolaryngol. 88:382–387.
56. Evans, E. F., and R. Klinke. 1982. The effects of intracochlear and sys-
temic furosemide on the properties of single cochlear nerve fibres in the
cat. J. Physiol. 331:409–427.
57. Steel, K. P., C. Barkway, and G. R. Bock. 1987. Strial dysfunction in
mice with cochleo-saccular abnormalities. Hear. Res. 27:11–26.
58. Versnel, H., M. J. Agterberg, ., S. F. Klis. 2007. Time course of
cochlear electrophysiology and morphology after combined adminis-
tration of kanamycin and furosemide. Hear. Res. 231:1–12.
59. Zheng, J., W. Shen, ., P. Dallos. 2000. Prestin is the motor protein of
cochlear outer hair cells. Nature. 405:149–155.
60. Oliver, D., D. Z. He, ., B. Fakler. 2001. Intracellular anions as the
voltage sensor of prestin, the outer hair cell motor protein. Science.
292:2340–2343.
61. Rybalchenko, V., and J. Santos-Sacchi. 2003. Cl- flux through a non-
selective, stretch-sensitive conductance influences the outer hair cell
motor of the Guinea-pig. J. Physiol. 547:873–891.
62. Santos-Sacchi, J., L. Song,., A. L. Nuttall. 2006. Control of mamma-
lian cochlear amplification by chloride anions. J. Neurosci. 26:3992–
3998.
63. Santos-Sacchi, J., and L. Song. 2016. Chloride anions regulate kinetics
but not voltage-sensor qmax of the solute carrier SLC26a5. Biophys. J.
110:2551–2561.
64. Salt, A. N., D. J. Brown,., S. K. Plontke. 2009. Displacements of the
organ of Corti by gel injections into the cochlear apex. Hear. Res.
250:63–75.
65. Strimbu, C. E., S. Prasad, ., A. Fridberger. 2019. Control of hearing
sensitivity by tectorial membrane calcium. Proc. Natl. Acad. Sci.
USA. 116:5756–5764.
66. Johnson, S. L., M. Beurg, ., R. Fettiplace. 2011. Prestin-driven
cochlear amplification is not limited by the outer hair cell membrane
time constant. Neuron. 70:1143–1154.
67. Spector, A. A., W. E. Brownell, and A. S. Popel. 2003. Effect of outer
hair cell piezoelectricity on high-frequency receptor potentials.
J. Acoust. Soc. Am. 113:453–461.
68. Hellstrom, L. I., and R. A. Schmiedt. 1990. Compound action potential
input/output functions in young and quiet-aged gerbils. Hear. Res.
50:163–174.
69. Schmiedt, R. 1993. Cochlear potentials in quiet-aged gerbils: does the
aging cochlea need a jump start. Sensory Research: Multimodel Per-
spectives Hillsdale. Erlbaum Associates, pp. 91–103.
70. van Emst, M. G., S. F. Klis, and G. F. Smoorenburg. 1997. Identifica-
tion of the nonlinearity governing even-order distortion products in
cochlear potentials. Hear. Res. 114:93–101.
71. Ohlemiller, K. K. 2009. Mechanisms and genes in human strial presby-
cusis from animal models. Brain Res. 1277:70–83.
Wang et al.
18 Biophysical Journal 116, 1–18, May 7, 2019




The path of a click stimulus from ear canal to umbo
Mario Milazzo a, Elika Fallah b, Michael Carapezza b, Nina S. Kumar b, Jason H. Lei b,
Elizabeth S. Olson b, *
a The BioRobotics Institute, Scuola Superiore Sant' Anna, Viale R. Piaggio 34, 56025 Pontedera, Italy
b Department of Otolaryngology & Head and Neck Surgery, Department of Biomedical Engineering, Columbia University, 630 West 168th Street, P&S
11-452, New York, NY 10032, USA
a r t i c l e i n f o
Article history:
Received 15 September 2016
Received in revised form
22 December 2016
Accepted 2 January 2017
Available online 11 January 2017
a b s t r a c t
The tympanic membrane (TM) has a key role in transmitting sounds to the inner ear, but a concise
description of how the TM performs this function remains elusive. This paper probes TM operation by
applying a free !eld click stimulus to the gerbil ear and exploring the consequent motions of the TM and
umbo. Motions of the TM were measured both on radial tracks starting close to the umbo and on a grid
distal and adjacent to the umbo. The experimental results con!rmed the high !delity of sound trans-
mission from the ear canal to the umbo. A delay of 5e15 ms was seen in the onset of TM motion between
points just adjacent to the umbo and mid-radial points. The TM responded with a ringing motion, with
different locations possessing different primary ringing frequencies. A simple analytic model from the
literature, treating the TM as a string, was used to explore the experimental results. The click-based
experiments and analysis led to the following description of TM operation: A transient sound pressure
on the TM causes a transient initial TM motion that is maximal ~ at the TM's radial midpoints. Me-
chanical forces generated by this initial prominent TM distortion then pull the umbo inward, leading to a
delayed umbo response. The initial TM deformation also gives rise to prolonged mechanical ringing on
the TM that does not result in signi!cant umbo motion, likely due to destructive interference from the
range of ringing frequencies. Thus, the umbo's response is a high-!delity representation of the transient
stimulus. Because any sound can be considered as a consecutive series of clicks, this description is
applicable to any sound stimulus.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction
The tympanic membrane (TM) plays a key role in transmitting
the sound stimulus from the outer to the inner ear. It is positioned
at the end of the ear canal and surrounded by the bony ring of the
sulcus tympanicus. It is composed of two main structures, pars
"accida and pars tensa (Stenfeldt et al., 2006). In gerbil, pars "ac-
cida occupies a small fraction of the TM. It is composed of two
layers without a !brous structure, and it plays a relatively small role
in acoustic transmission (Teoh et al., 1997). Pars tensa is a thin,
concave membrane with a !brous layer composed of radial,
circumferential and parabolic !bers (Lim, 1968). The radial !bers
are thought to be especially important for sound transmission (Fay
et al., 2006). The pars tensa responds to sound stimulation with
vibrations that are transmitted to its central bony connection at the
umbo, which is connected to the ossicular chain.
Based onmeasurements relating ear canal pressure (the input to
the middle ear) to cochlear pressure close to the stapes or to stapes
motion (the output of the middle ear), the TM transmits sound to
the inner ear through a wide frequency range (which depends on
the species) with fairly frequency-independent gain and delay
(Ravicz and Rosowski, 2013; Dong et al., 2013; Nakajima et al.,
2008; Dancer and Franke, 1980; Olson, 1998). This frequency
response corresponds, in the time domain, to high !delity trans-
mission: signals retain their waveform shape between the ear canal
pressure and the stapes motion (de La Rochefoucauld et al., 2010).
Using pure tone stimuli and measuring responses at the umbo and
stapes in gerbil, the transmission delay could be attributed to the
TM up to ~17 kHz, while at higher frequencies ossicular "exing is
also a contributing factor (de La Rochefoucauld et al., 2010). Un-
derstanding how the TM performs high-!delity transmission has
not been straightforward. In particular, measurements of TM mo-
tion responses to pure tone stimuli (de La Rochefoucauld et al.,* Corresponding author.
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2010; Tonndorf and Khanna, 1970; Decraemer et al., 1989; Cheng
et al., 2010, 2013; Maftoon et al., 2013) have shown that above a
few kHz, the TM respondswith a complex, multi-phasic, frequency-
dependent pattern that is dif!cult to reconcile with the ultimate
high-!delity transmission.
Computermodels have been developed to simulate the behavior
of the TM. Finite element models employ a detailed anatomical
description and have been successful in predicting multi-phasic
motion response to tones producing fairly high-!delity trans-
mission at the umbo. These results gave rise to the notion that the
summing of the TM's complex motions at the umbowould result in
a smooth frequency response (Fay et al., 2006; Funnell, 1987). Finite
element models of the middle ear were recently reviewed (Funnell
et al., 2013, 2016). Models based in lumped elements, although less
successful in making detailed predictions of experimental results,
can be more successful in illuminating the relation between the
structural properties and behavior (O'Connor and Puria, 2008; Feng
and Gan, 2004). The models of Allen and colleagues forwarded the
idea of the TM as a mechanical waveguide (Parent and Allen, 2007;
Puria and Allen, 1998). Finally, recognizing the primary signi!cance
of the radial !brous structure, the TM was modeled as a pre-
tensioned string, with properties and loading chosen based both
on anatomical properties and their ability to simulate aspects of
experimental data (Goll and Dalhoff, 2011). This model was
developed for guinea pig, whose TM's size and thickness is similar
to that of gerbil. There is little evidence for tension in the actual TM
(Kuypers et al., 2005) and in realistic TM models internal restoring
force is due to bending stiffness [e.g. 4, 16, 17, 18]. Nevertheless, the
string model of the TM systems possesses the essential TM prop-
erties of internal restoring force (due to tension), pressure loading,
mass density, and a !nite termination impedance that allows for
the "ow of energy. The analytical string model proved fruitful for
exploring our experimental results.
In the current study we used a free-!eld click stimulus to study
TM responses in gerbil. A click is a broad-band signal, with upper
frequency ~1/(2T), where T is the click duration. The upper fre-
quency fell off gradually above 20 kHz in our study, and covered a
substantial fraction of the ~60 kHz upper frequency limit of gerbil
hearing. Responses to a click stimulus were recently published in a
study of the human TM (Razavi et al., 2016), and some of our
!ndings in gerbil were also observed in those results.
2. Material and methods
2.1. Experiments
2.1.1. Animal preparation
Motionmeasurements of the umbo and the TMwere performed
on 13 gerbils, 55e70 g inmass,1e24 h post-mortem. (Inmost of the
animals an in-vivo cochlear experiment had been performed on the
other ear the previous day.) The experiments were approved by the
Institution Animal Care and Use Committee of Columbia University.
Eight experiments were radial track measurements (#581, #585,
#588, #589, #602, #606, #607, #608) and seven were grid mea-
surements (#591, #592, #593, #603, #604, #607, #608). The head
was separated from the body and a head holder was cemented to
the scalp for orienting the sample. The pinna of the right ear was
cut short to its bony end and the ear canal (EC) entrance was
slightly opened, removing the bony meatus, in order to have a good
view of the umbo and of a substantial fraction of the area of the TM
(Fig. 1B). We have shown previously that this opening does not
affect the measured responses (Olson, 1998). After preliminary
experiments carried out after applying a zinc oxide coating to the
TM (Rosowski et al., 2013; Khaleghi et al., 2016), we chose to test
the samples without the zinc oxide due to: (i) the slightly different
results with versus without the coating, (ii) the dif!culty of
applying a uniform coating, and (iii) the acceptable signal to noise
ratio even without the coating. The total measurement time was
~4 h for the track experiments and ~2 h for the grid experiments. A
humidi!er "owed humid air around the preparation to avoid
drying.
2.1.2. Experimental set-up
As shown in Fig. 1A, the head holder was oriented to have the
laser axis reasonably perpendicular to the umbo and the distal part
of the pars tensa. Fig. 1C depicts the uncoated TM with the laser
spot pointed on the pars tensa. A Sokolich ultrasonic microphone
was placed at the edge of the EC for calibrating a click stimulus sent
by a simple Sony earphone (~1 cm diameter) placed ~ 1 cm away
from the ear. Velocity responses were acquired by a laser interfer-
ometer (Polytec, sensor head OFV-534 with controller OFV-5000-
VD06) and averaged using an oscilloscope sampling at 10 MHz
(LeCroy LC 534, Chestnut Ridge, New York). 450 averages was
typical, and each recording was 1ms, thus the total signal averaging
time was ~0.45 s per data set. The data were then transferred to a
computer for analysis, performed with MATLAB software (version
2016a).
2.1.3. Experimental methods
A click stimulus with sound pressure between 80 and 100 dB
SPL (sound pressure level, dB relative to 20 mPa) was emitted
through a speaker by sending voltage pulses from a TDT RX6 D/A
through a TDT HB7 headphone buffer, to the speaker. The voltage
pulse was 10 ms in duration at its peak and ramped up to and down
from that value over the 5 ms sampling period of the TDT RX6. A
slight compensation was made following the main voltage pulse in
order to attain a click-like shape in the acoustic signal, with sec-
ondary peaks acceptably small (at most ~ 20% of the primary peak).
The achieved click signal was broadband to ~20 kHz and had sig-
ni!cant energy through 50 kHz (see Fig. 5 and discussion there).
The need for compensation was due to the frequency response of
the speaker. The compensation was typically three additional
voltage pulses ~0.25 times the size of the initial pulse, at times ~70,
150 and 200 ms after the initial pulse, and with both positive and
negative polarity. This scheme was arrived at based on trial and
error andwasmore successful than our !rstly attempted strategy in
which the compensation was a damped ringing voltage.
Three types of measurements were made. The !rst tested the
TM's overall transmission by measuring the motion response at the
umbo. Second, we explored TM transmission by collecting data
from three different radial tracks with the aim to estimate re-
sponses on different regions of pars tensa: we chose one straight
track, aligned to the manubrium and umbo and two tracks ±51!
from the !rst one. Resolution was set by the micro-manipulating
stage and was 25 mm for the straight track and 32 mm for the
±51! tracks. This resolution statement does not take into account a
small angle of the TM surface from the perpendicular (Fig. 1B), so
the resolution distances along the tissue were slightly greater.
Straight tracks consisted of ~35 points, angled tracks ~32 points.
Track lengths were ~0.9 mm. The starting point was close to the
umbo, ~25 mm from its edge (Fig. 2A). The observations from the
track experiments encouraged us to investigate the contributions of
points that were more widely distributed on the pars tensa. Hence,
in the third type of experiment, TM velocity responses of ~50 spots
in a grid framework, spaced by 0.2 mm horizontally and 0.15 mm
vertically, were measured from !ve gerbils (Fig. 2B). The mea-
surement points extended radially outward from the umbo, with
the furthest radial location approximately mid-way between the
umbo and the bony ring of the sulcus tympanicus. Further radial
locations were blocked by the edge of the ear canal opening.
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2.2. Analytical model
We employed and customized the analytical string model of
(Goll and Dalhoff, 2011) as follows.
Pars tensa was modeled as a string under tension m, with linear
mass density r, and internal damping d. The string's length, L, was
similar to the radius of the TM. For our model we used the same
parameter values as were described in (Goll and Dalhoff, 2011) and
the basis for their selection is describedmore fully there. A spatially
uniform pressure of amplitude Peq (units Nm!1, due to the one-
Fig. 1. (A) Experimental set-up, (B) orientation of the sample with the removed portion of the bony meatus in dashed lines and (C) gray scale image of pars tensa and umbo viewed
through the widened ear canal.
Fig. 2. Measurement methods. (A) Tracks (B) Grid.
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dimensional model) was applied to the string to simulate the me-
chanical action of the sound pressure.We concentrate on a spatially
uniform pressure instead of the linearly increasing pressure
adopted in (Goll and Dalhoff, 2011), by referring to a recent study
that showed a uniform sound pressure close to the TM in the ear
canal (Bergevin and Olson, 2014). The different choice of (Goll and
Dalhoff, 2011) was based on expressing a 2-D wedge area of the TM
as a 1-D string. As for the constraints, the string was !rmly clamped
at one end (corresponding to the sulcus tympanicus) and con-
strainedwith a relativelymobile spring/mass/damper system at the
other end (umbo). The mechanical scheme is depicted in Fig. 3.
For model development refer to (Goll and Dalhoff, 2011). In the
frequency domain the equation that governs the displacement z!x"













u is the radian frequency corresponding to the stimulus fre-
quency f, and Peq is the amplitude of the spatially uniform equiva-
lent pressure acting on the string. a is de!ned in Eq. (2). Note that in
the simplifying case for which internal damping (d) is zero and
there is no pressure load, and after expressing #u2 as d2dt2 , Eq. (1)





dx2 , which describes a non-dispersive wave. For
small to moderate damping, damping does not affect the wave
speed substantially and therefore does not introduce signi!cant
dispersion.
Peq was determined by comparing the following expressions
concerning the forces F acting on the TM (Eq. (3)) and on the string
(Eq. (4)):





where p is the acoustic pressure at the TM inside the ear canal. The
result, in the case of uniform pressure, is
Peq $ ppL (5)
The complete solution to Eq. (1), found by summing the ho-
mogeneous and the particular solutions, can be written as




where C1 and C2 are constants evaluated by taking into account the
two boundary conditions based on the transverse forces at umbo
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z!L" $ #bZsz!L" (8)
where mu, ku, du are, respectively, the mass, the stiffness and the
damping at the umbo while ks and ds are the stiffness and the
damping at the edge. In this parameter set, ks was so large that the
edge was essentially immobilized. Following the de!nitions from
(Goll and Dalhoff, 2011), bZu and bZs are mechanical impedances
(Zu and Zs; units Force/velocity) multiplied by iu, and thus have
units of (Force/displacement).









































Our experimental data are responses to an acoustic click and the
above frequency-domain model was used to explore our data by
constructing a pressure “click” by adding sinusoidal pressures with
frequency content between 0.1 and 30 kHz. The outcome, depicted
Fig. 3. Mechanical structure of the TM modeled as string.
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in Fig. 4, shows an imperfect click. The principal pulse of the click
and key player in the response has a width of ~34 ms, similar to the
click used in the experiments. This manner for developing the click
stimulus was useful in that it was !exible, in particular it allowed
the frequency content of the stimulus to be easily modi"ed.
In Table 1 all the parameters used for preliminary simulations,
take the same values as in (Goll and Dalhoff, 2011).
3. Results
3.1. Umbo high !delity transmission
Measurements were made that con"rmed the close relation
between click pressure stimulus and the umbo velocity response.
An example is in Fig. 5. The waveforms in Fig. 5A were lined up
horizontally (in time) in order to maximize the correlation between
the signals. This compensated for delays in the LDV and micro-
phone as well as for sound transmission and middle ear trans-
mission delays. The MATLAB (version R2016a) function “corrcoeff”
was used to "nd the Pearson's correlation coef"cient. The correla-
tion coef"cient value of 0.85 is a numerical representation of the
similarity of the curves that is qualitatively evident in Fig. 5A.
Fig. 5B reaf"rms, in the frequency domain, the strong correlation
between the click stimulus and the umbo response. This con"rms
previous frequency-domain measurements, which have shown the
degree of similarity between the sound stimulus in the ear canal
and the ossicular responses, including umbo, in the gerbil (Olson,
1998; de La Rochefoucauld et al., 2010). Both stimulus and
response were broadband through ~20 kHz and then dropped off,
but retained substantial energy to at least 40 kHz. Above ~50 kHz
the umbo motion response was at the noise level. The sound
stimulus contained signal out of the noise to even higher fre-
quencies. The noise !oor of the Sokolich ultrasonic microphone is
-6 dB SPL in a 1 Hz bandwidth. Because the total time of our
measurements was ~0.45 s (~450 averages) our reported noise level
refers to a bandwidth of ~2 Hz.
3.2. TM motion along radial tracks
In Fig. 6 mesh and waveform plots for the velocities on Track 1
(straight track) and the umbo for gerbils #585, #602 and #606, are
shown to illustrate some particular points. The "rst point, made
with waveform plots in the bottom row, is the high correlation
between the click acoustic stimulus and the umbo velocity
response, quanti"ed in the correlation coef"cients, which ranged
from 0.66 to 0.81 in these three. The mean correlation coef"cients
of the 13 experiments was 0.64, with a standard deviation of 0.13.
An important point that emerges from the waveform plots of Fig. 6
is that that the main peak of the sound stimulus was transmitted to
the umbo with particularly high "delity; this was a consistent
observation in all 13 data sets. The second point, seen in the mesh
plots in the top row and the corresponding waveforms in the sec-
ond row, is that the locations furthest from the umbo (red in
waveforms) move much more than the locations closest to the
umbo (blue in waveforms). As noted in the methods, the furthest
measurement points were ~ mid-way between the umbo and the
outer edge of the TM. The distant locations underwent large and
sustained oscillations, whereas at the location very close to the
umbo, as well as the umbo itself (bottom row), prolonged ringing
was not observed. Third, the near-umbo onset response is delayed
relative to the onset responses on the radially distant TM. This delay
is noted by the delta symbol (D) in the third row, with values of
~7 ms for case A, 5 ms for case B and 16 ms for case C. The mesh plots
sometimes display a slanted structure that can be interpreted as
transmission of mechanical energy towards or away from the umbo
e a mechanical traveling wave. The wave speed can be read from
the slope (diagram included in C where it has a value of ~10 m/s). A
range of wave speeds is apparent in the slanted structure in the
mesh plots, with the steeper slopes corresponding to faster speeds.
The values are similar to wave speed estimates based on the TM's
wavelike response to pure tones (Fay et al., 2005).
The mesh plot in Fig. 6 column C shows a prominent initial
response that is substantial all along the track at ~ the same instant,
except at the locations within ~0.1 mm of the umbo where a subtle
forward traveling wave is observed (black arrow), resulting in a
delayed response close to the umbo (blue curve in second and third
rows). Just as in column C, in columns A and B there is a large initial
response at locations distant from the umbo and a delayed
response close to the umbo. Fourth, apparent in both the mesh
plots and the waveforms of the second row, the different locations
along the track exhibit a range of ringing frequencies. The three
different TMs have slightly different prominent ringing frequencies
as well. The animal-dependent variation in ringing frequencies,
found by simply counting the major peaks at the location most
distant from the umbo, vary from 8 to 15 kHz. In previous mea-
surements from a random sampling of points on the TM, a wide
range of ringing frequencies was also apparent (Olson et al., 2015).
3.3. TM tracks at ± 51! angle
In addition to the measurements along the straight track, we
evaluated the TM response along two angled radial tracks, ± 51!
with respect to the straight track (Fig. 2A). In Fig. 7 we show the
results for gerbil #602. The mesh plots in the upper row show that
Fig. 4. Click input for the analytical model.
Table 1
Numerical values for the parameters of the TM string model.
Parameter Value Representing
L 2.5 " 10#3 m Length of string
r 5 " 10#5 kgm#1 String mass density
ks 2 " 1020 kgs#2 Stiffness of edge (essentially in"nite)
ds 0 Damping of edge
ku 0 Stiffness of umbo
du 1.1 " 10#2 kgs#1 Damping of umbo
mu 4 " 10#7 kg Mass of umbo
d 0.35 kgm#1 s#1 String internal damping
m 0.29 N String tension
p 2.1 " 10#2 Pa Amplitude of pressure load
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the responses were similar to what was described for the straight
tracks, with prolonged ringing at locations distant from the umbo
and a brief response close to the umbo. The bottom row of panels
offers an enlarged view of the !rst 0.2 ms of the TM responses, and
shows the delay (D) between the onset response close to the umbo
and the regions far from it: 6 ms for ! 51" and 8 ms for - 51". The
different shapes of the TM responses in these two symmetrically
placed radial tracks shows that the responses along the two tracks,
while qualitatively similar, were not identical.
3.4. TM (grid)
We measured TM velocity at 49 points in a grid and in Fig. 8
show results from two preparations. Fig. 8A is a sketch of the grid
with the points of the example responses numbered. These
numbered responses are shown in panel sets B and D for the two
preparations, expt. 604 (panels B and associated panels C) and expt.
603 (panels D and associated panels E). Panel sets C and E further
analyze the responses in B and D. The corresponding frequency
responses are in the upper panels of C and E and the lower panels
identify the peak frequencies (maxima of the frequency responses)
of all the points in the grid for each preparation. The frequency
response panels of C and E show that the responses were quite
broad band, but with signi!cant variation, with a spread of ~30 dB
in some frequency regions. For expt. 604, most of the peak fre-
quencies were below 10 kHz, but there were also peak frequencies
as high as 22 kHz (lower panel of C). Expt. 604 showed the highest
peak frequency of our grid experiments, but two other grid ex-
periments possessed peak frequencies almost as high, at 18 kHz. In
expt. 603, all the peak frequencies were below 11 kHz but therewas
still substantial energy in the responses up to 30 kHz (lower panel
of E). Above 20 kHz the responses tended to drop off in both data
sets, which is as expected due to the click's frequency content
(Fig. 5b). At 30 kHz, one-two of the responses in both experiments
were close to the noise "oor (~#50 dB re 1 mm/s). (For the inter-
ested reader, previously-reported frequency response plots in
gerbil for the umbo and for TM responses along a track are,
respectively, in Fig. 5 of (de La Rochefoucauld et al., 2010) and Fig. 2
of (de La Rochefoucauld and Olson, 2010).
3.5. Analytical model
3.5.1. Nominal parameter values
The main results of the analytical model are !rstly related to the
intrinsic properties of the modeled string, based on the physics of a
string wave:









This value is larger than the 10 m/s wave-speed we calculated
based on the sloping pattern in the mesh plot in Fig. 6, but the
degree of agreement seems reasonable given that faster wave
speeds are also apparent in the data (steeper slopes), and also given
the abstraction/simplicity of the string model.









this value should be compared to the impedance of the umbo, with
nominal values from Table 1 of du % 1.1 & 10#2 kgs#1 and
mu % 4 & 10#7 kg. When the umbo impedance matches that of the
string's characteristic impedance, there will not be re"ection from
the umbo e achieving something close to that condition is the
important “impedance matching” role of the middle ear.




' 15 kHz (14)
This value is close to the ringing frequencies that were observed
in the measurements, for example the range of primary frequencies
in Fig. 6 was ~10e17 kHz.
As depicted in Fig. 9B, with the click-like input that was shown
in Fig. 4, the response at the middle of the string is a damped
ringing response with a frequency of 15 kHz. The umbo (Fig. 9A)
rings at the same frequency but compared to mid-string the initial
response is relatively large compared to the subsequent ringing.
This ringing frequency is not due to the imperfect click (Fig. 4), it is
due to the string properties and in particular to its !rst natural
frequency, noted in Eq. (14). The amplitude of the initial response is
smaller at the umbo (0.8 mm/s) compared to the middle of the
string (4 mm/s) and is delayed by ~ 22 ms.
The transfer function at the umbo, de!ned as umbo velocity over
input pressure, was found by evaluating the displacement function
in Eq. (6) at x % 0 (at the umbo) and multiplying by iu. The result is
shown in the black curves of Fig. 9C and D. The amplitude is
reasonably "at from 500 to 10 kHz and in this frequency region the
phase-vs-frequency curve shows a slow, delay-like excursion
through 180". The peak at ~15 kHz is accompanied by another 180"
phase excursion, this one rapid. We also show the transfer function
for the mid-point, in the gray curves of Fig. 9C and D. At the mid-
point the peak at 15 kHz is larger than at the umbo and the
phase lacks the slow, delay-like phase excursion, but has the rapid
180" phase excursion in the region of the peak. These aspects of the
transfer functionwere apparent in the velocity data of Fig. 9A and B,
where the response at themiddle of the string lacked the delay that
Fig. 5. (A) High !delity sound transmission at the umbo with a click stimulus. The
responses have been shifted horizontally to align. (B) Frequency analysis of the click
and umbo velocity response. Expt. 604.
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is seen at the umbo, and had more pronounced ringing.
3.5.2. Changes due to modi!cation of umbo parameters
We probed the model by changing the nominal values (baseline
i)) with the following conditions: ii) reducing the mass at the umbo
to 10!8 kg, iii) reducing the mass at the umbo as in ii) and in
addition reducing the damping at the umbo (du) to 5 " 10!3 kg/s.
These changes bring the acoustic impedance at the umbo closer to
the characteristic impedance of the string. iv)Making the resistance
at the umbo equal to the characteristic impedance of the string (Eq.
(13), 3.8 kg/s) and setting the mass of the umbo to zero. Waveform
results are depicted in Fig. 10, where it is seen that moving from
condition i) to iv) the ringing is progressively reduced and !nally
nulli!ed. In condition iv, the properties of the string no longer
govern the ringing frequency and the ringing frequency due to the
imperfect click stimulus emerges. The onset response is delayed at
the umbo compared to mid-string. That delay diminishes as
impedance matching is improved, and with perfect impedance
matching a delay of ~12 ms remains (thin black line). Given the
76 m/s wave speed of Eq. (12), and the 1.25 mm distance from the
string middle to the umbo, a transmission delay of ~16 ms is ex-
pected and 12 ms is consistent with that expectation, given that the
whole string is excited (not just the mid-point). The presence of
substantial umbo mass increased the delay to ~22 ms (solid black
curve with nominal values).
Fig. 11 shows the responses with these various conditions in the
format of a mesh plot. Panels A, B, C and D correspond to conditions
i, ii, iii and iv respectively. In condition i (the baseline condition) the
prominent ringing is apparent, and themotion of the umbo is much
smaller than in the center of the string, but every ring is trans-
mitted to it, with a delay that is evident in the slant of the response
close to the umbo, signifying traveling wave motion (black arrows,
shown for !rst ring only). As impedance matching between the
string and the umbo is improved through conditions ii to iv, the
slanting (traveling wave) response becomes more prominent and
the prolonged ringing (standing wave) response less prominent.
In Fig. 12 the transfer function at the umbo is shown for the four
load impedance conditions. (Here we show the transfer function
through 50 kHz to illustrate the fact that due to the wave-
supporting nature of the string system, the transfer function for
the uniform pressure case does not drop monotonically above
15 kHz) The black lines are for the uniform pressure we have
assumed, gray lines are for a radially increasing pressure stimulus
and will be discussed later. We show the x axis on both logarithmic
Fig. 6. TM velocity measurements (units mm/s) for gerbils #585 (column A), #602 (column B) and #606 (column C) at 32 locations along a straight radial line, with a point close to
the umbo as center, as described in Fig. 2. Top row: Data plotted as mesh plot. Second row: The waveforms that were used to make the mesh plots. (In column C some of the
response was truncated by the oscilloscope-based data acquisition system, disregard that aspect of the plots.) Third row: The boxed part of rows 1 and 2 expanded to emphasize the
initial response. Fourth row: The umbo and click responses showing the degree of correlation between click stimulus and umbo response.
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and linear scales. A 30 kHz notch in the magnitude is present for all
conditions (black lines). At that frequency a full wave !ts in the
string length and such an anti-symmetric response cannot be
excited by the uniform (and thus symmetric) pressure. When the
string is terminated in its characteristic impedance (thick black
line) the peak at 15 kHz is smoothed over. This perfectly-terminated
case shows a linearly decreasing phase (except for the 360! jump
that occurs over a range of frequencies at ~ 30 kHz) indicative of a
delay of ~30 ms. As impedance matching is reduced (see key in
!gure) the phase takes on the structure of abrupt ~ 180! reversals
that is expected for a standing-wave system. When the pressure
stimulus was taken to increase linearly along the string as in (Goll
Fig. 7. Gerbil #602. TM responses along the "51! (A) and #51! (B) tracks showing similar but not identical responses. In the lower two rows, light lines correspond to each
measurement. Blue and red bold lines corresponding respectively to the region close to the umbo and to the one further to this latter. The third row is an expanded version of the
middle row, emphasizing the initial part of the response. (For interpretation of the references to colour in this !gure legend, the reader is referred to the web version of this article.)
Fig. 8. (A) Grid framework. Numbered points correspond to two experiments, #604 in (B) and (C) and # 603 in (D) and (E). (B) and (D) show responses from selected points; refer to
A and numbers for positions on TM. (C) and (E) top plots show corresponding frequency responses for the responses plotted in (B) and (D). (C) and (E) lower plots show the
distribution of peak frequencies for all the responses (dots), with those corresponding to the data sets of panels (B) and (D) identi!ed with a box around the dot.
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and Dalhoff, 2011) (gray curves), the 30 kHz notch is not present
and the phase slope does not undergo the reversal at ~ 30 kHz.With
this stimulus pressure, transfer function curves with the nominal
mass and damping values (thin gray curve), and the perfectly
matched values (thick gray curve) are shown. It is interesting and
understandable that the prominent 30 kHz notch that was present
with symmetric pressure, was missing when the non-symmetric
choice for pressure drive was made.
4. Discussion
Experiments on gerbil ears were carried out to measure umbo
and TM motion on the distal pars tensa in response to a broadband
transient – a click. A simple string model of the TM was employed
to better understand our results and explore parameter changes
that are not possible in experiments. Every signal can be repre-
sented as a series of clicks, so the model !ndings are applicable to
any stimulus.
It had been established that middle ear transmission occurs
with a roughly frequency-independent ("at) transfer function and
the phase-frequency relationship of a delay. In the time domain this
behavior corresponds to a high-!delity representation of the sound
signal e the sound stimulus at the ear canal retains its shape when
exiting the middle ear as ossicular motion (de La Rochefoucauld
et al., 2010). It had also been established that the TM itself re-
sponds to sound with a highly location- and frequency-dependent
motion that is much like a combination of different drum modes
(Tonndorf and Khanna, 1970; Cheng et al., 2013). In the time-
domain, this corresponds to low-!delity representation of the
sound signal (Razavi et al., 2016; Olson et al., 2015). This study's
Fig. 9. (A&B) Model velocities of umbo and at the middle of the string. (C&D) Amplitude and phase of transfer function, de!ned as velocity at each location/input pressure.
Fig. 10. Velocities at the umbo and at the middle of the string changing some of the nominal parameters.
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Fig. 11. Mesh plot representation of the velocities estimated on the TM estimated with our analytical model, units mm/s. (A) Baseline input data (condition i)), (B) condition ii), (C)
condition iii) and (D) condition iv).
Fig. 12. Transfer functions representing umbo velocity/pressure for the four different umbo load impedance conditions as in Fig. 11 and Fig. 12. The light gray curves are for the
linearly increasing pressure loading conditions as in (Goll and Dalhoff, 2011).
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primary goal was to better understand how the TM can succeed as
an overall high-!delity sound transmitter, when locally, it is a low-
!delity sound responder. High !delity transmission is essential for
the hearing sense, which relies on the recognition of transients.
Although the cochlea will disperse a broad-band signal, neural
delays and octopus cells in the cochlear nucleus compensate for
cochlear dispersion to reconstruct a transient signal and then
convey its presence further upstream in the chain of auditory
processing (McGinley et al., 2012).
Our main experiment was the measurement of TM responses
along tracks from close to the umbo to a point ~ mid-way radially
along the TM (radially more distant points were not in view). We
found an initial response that was prominent all along the radial
track, typically largest furthest from the umbo. The locations closest
to the umbo responded 5e15 ms after this initial response. Slanting
responses in the mesh plots indicated traveling waves that some-
times seemed to transport the initial response to the umbo (arrow
in Fig. 6C). The range of slopes indicate a range of wave-speeds,
from the relatively shallow slopes value of ~10 m/s and higher
wave speeds, of 20 m/s and higher, corresponding to the steeply
sloped regions. These wave-speeds are consistent with those in cat
(Fay et al., 2005). A range is expected due to the anisotropic !brous
anatomy of the TM (Lim, 1968). Far from the umbo the initial
response was followed by prolonged ringing at a variety of fre-
quencies. Close to the umbo the responses weremore click-like and
on the umbo the click was represented with high !delity, with
correlation coef!cients relative to the sound stimulus of
~0.66e0.81 in the results shown in Fig. 6. From the full data set the
mean correlation coef!cient was 0.64. In particular, in all data sets,
the initial peak of the umbo response followed the click stimulus
precisely.
We observed non-symmetric TM responses whenwe measured
along symmetrically placed tracks (Fig. 7). These results can be
explained by the fact that the TM is an anisotropic anatomical
structure composed of both radial and circumferential collagen !-
bers. Grid experiments !lled in the picture of the TM response. As
shown in Fig. 8, responses at different locations of the TM had
different primary ringing frequencies. Regions far from the umbo
not only responded to the pressure stimulus in advance of the
umbo, but also had more pronounced ringing. The amplitude was a
maximum in the region of measurement furthest from the umbo,
which was ~ mid-radial. Therefore, different parts of the TM
vibrated discordantly from each other, andwere not well correlated
with the stimulus.
The analytical model, treating the TM as a tensioned string
loaded by a spatially constant pressure and terminated by a semi-
absorptive umbo on one side and a !xed boundary on the other,
showed behavior that was similar to the experimental results in
several ways. The initial responsewas a simple bowing, a half-wave
pattern on the TM. Ringing of this initial response followed. Close to
and at the umbo the initial responsewas delayed.With the nominal
input parameter values reported in Table 1 there was a delay be-
tween the initial response and that close to the umbo of ~22 ms. In
that case the ringing (standing wave) response was prominent and
the traveling wave response (indicated in the slant in the mesh plot
of Fig. 12) that traveled to the umbo was barely visible. When the
mass of the umbo was reduced from its nominal value of
mu! 4" 10#7 kg to 1" 10#8 kg, the delay was reduced to 12 ms and
the slanting traveling wave response became dominant as the
ringing response diminished. The value of the umbo mass was
chosen based on the moment of inertia and actual mass of the
malleus-incus complex (Goll and Dalhoff, 2011) and the lower value
is not realistic, but is illustrative. Given that the nominal parameter
values are likely more realistic of the actual structure, it is clear that
the model's umbo response is not as good of a representation of the
click stimulus as is the actual umbo response e the prolonged
ringing in Fig. 9A is not seen in the umbo's response of Figs. 5 and 6.
To pursue the simple model's power further, we developed the
notion of the summing of mistuned resonances proposed by
(Funnell, 1987) and developed further by (Fay et al., 2006). We
found the click responses due to a set of strings whose length varied
by factors between 0.5 and 1.5 that of the nominal length of the
string, and averaged the responses. The individual responses (thin
gray lines) and their average (thick black line) are in Fig. 13. The
average shows less regular ringing than the individual responses
and bolsters the notion of the summing of responses of mistuned
resonances. This thinking can be applied to the transfer function
curves of Fig. 13 as well. With the nominal umbo impedance, the
transfer function is not very smooth due to prominent preferred
frequencies. Summing of responses from several strings would
smooth the transfer function, leading to the observed fairly smooth
and broadband frequency response at the umbo (de La
Rochefoucauld et al., 2010) and just within the cochlea (Olson,
1998).
Based on these observations, we construct a concise description
of sound transmission by the TM: A transient sound pressure on the
TM causes a transient initial TM motion that is maximal ~ at the TM's
radial midpoints. Mechanical forces generated by this initial promi-
nent TM distortion then pull the umbo inward, leading to a delayed
umbo response. This umbo forcing is probably best described as a
mechanical traveling wave, moving from the regions of initial large
response towards the umbo. (As noted above, this travelingwavewas
sometimes apparent in the data, in the slanted structures in the
mesh plots (Figs. 6 and 7). The mesh plots generated by the
analytical model (Fig. 11) showed that with better impedance
matching, the slanted structures became more pronounced.) The
initial TM distortion gives rise to prolonged mechanical ringing on the
TM that does not result in umbo motion, likely due to destructive
interference from the range of ringing frequencies. Thus, the umbo's
response becomes a delayed, high-!delity representation of the tran-
sient stimulus. Because any sound can be considered as a consecutive
series of clicks, this description is applicable to any sound stimulus.
To !nish, we emphasize that this description owes much to
several middle ear models, as well as the string model of (Goll and
Dalhoff, 2011). The description of the TM as a mechanical wave-
guide was introduced by Allen and colleagues, !rst as a 1-D
Fig. 13. Analytical model prediction of the umbo response to a click stimulus with 11
strings of different lengths contributing.
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transmission line model (Puria and Allen, 1998) and later as a 2-D
model (Parent and Allen, 2007). The experimental data used to
inform that model was sound re!ection, and its changes with
changes in the load impedance, due to disarticulation. In their
experimental results, before disarticulation, there was little
re!ection e the sound energy was absorbed by the cochlea. Upon
disarticulation, re!ection increased substantially. Following from
these experimental results, they developed a model with nearly
perfect impedance matching. (Our own experiments on disarticu-
lation's effect on sound re!ection were variable, with one of two
cases con"rming the results of (Puria and Allen, 1998) by showing
substantially increased re!ection upon disarticulation (Bergevin
and Olson, 2014).) In the string model employed in our study,
perfect impedance matching eliminated prolonged TM ringing
(Figs. 10B and 11D) and that prediction is not consistent with the
prolonged ringing apparent in the TM response data, so certainly
the load impedance is not perfectly matched. The more realistic
cases of Fig. 11AeC, with imperfect impedance matching, show a
combination of sound absorption at the umbo (the arrows indicate
a TM traveling wave that is not re!ected from the umbo), and
prolonged ringing that is due to a traveling wave that is re!ected,
causing standing waves. Thus, the experimental data demand
imperfect impedance matching, but that leads to other problems:
In particular, the string model had a primary resonance that was
strongly transmitted to the umbo (Fig. 9), a prediction that is not
consistent with the experimental data. The TMmodels of (Fay et al.,
2006; Funnell, 1987), solved this problem by noting that the
asymmetries of the TMwould create a range of primary resonances
whose prolonged responses canceled out, and we applied this idea
to create Fig. 13. Thus, our description is a TM waveguide model,
with imperfect impedance matching, and discordance to eliminate
prolonged ringing. This description derives from our data, our use
of the 1-D string model (Goll and Dalhoff, 2011) and the TMmodels
of (Fay et al., 2006; Funnell, 1987; Parent and Allen, 2007; Puria and
Allen, 1998).
This description of TM operation points to the possibility of at
least two pathological conditions. One is pathologically mis-
matched load impedance, due to, for example, ossicular stiffening
or an air bubble in the cochlea. Reduced impedance matching
would lead to more re!ection and reduced sound transmission to
the cochlea. The signi"cance of middle ear impedance matching
has been the topic of a good deal of work, including in gerbil
(Bergevin and Olson, 2014; Ravicz et al., 1992, 1996; de La
Rochefoucauld et al., 2008). A second condition is a change in TM
properties that reduces discordance-based smoothing, leading to
pathological transmission of TM ringing. To our knowledge, this
pathology has not been explored speci"cally, but might be present.
For example, patient complaints related to sound quality can
sometimes be treated by simply applying paper to the TM (Boedts,
2014). This could be explored in future work.
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